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The s i@. f i c sncc  of o p t i c a l  a c t i v i t y  for t h e  r ecogn i t ion  of lift? is too  
well k n o n  t o  require f u r t h e r  ampl i f i ca t ion .  
paper  5y Uolpe-;n and Westley, a method is a v a i l a b l e  whereby impor tan t  nieta3o- 
l ites ‘like emino acid3 can be  acanned f o r  o p t i c a l  a c t i v i t y  wi th  very high sen- 
s i r i - A t y ,  t h e  d e t e c t i o n  of 100 naziograms be ing  r a t h e r  easi ly  a c c o q l i a h c d  (not 
unreasoEably s e n s i t i v i t i e s  down t o  1 nanogram shoald  be acli ievable w i t h i n  t h e  
gerieral s ta te  of t h e  a r t ) .  
ar,:ive r eagen t ,  such as L-E-trif l uo roace ty l -p ro ly l  c h l o r i d e ,  t o  t h e  a d n o  a c i d  
estcr. 
- L-l, d i p e p t i d e s  will be formed, aad these  o f t e n  prbve to be  readLly r e s o l v a b l e  
by gze chromatography. The r e a c t i o n s  involvcd are q u i t e  s t r a i g h t f o r w a r d ,  rim 
smocthly and q u a n t i t a t i v e l y ,  and czn be au toaa ted  q u i t e  r e a d i l y .  
iipproadi sho.;?d be e a s i l y  generol lzed k, ether npticn_l_’l_y ar t ive  species 
a c i d s  g e n e r a l l y ,  BS w e l l  as a lcohols  arid andnes, and is being  explored  
accord ingly ,  e s p e c i a l l y  f o r  a p p l i c a t i o n s  t o  carbohydra tes .  
dance and n u l t i f a r i o u s  func t ions  i n  t h e  ce l l ,  Carbohydrates have t h e  advantage 
t h a t  rccthods are a v a i l a b l e  whereby ckey caa b e  degraded t o  a usllque asymmetric 
conpourd. This would make it poss ib l e  t o  test :he vho le  genus of carboh-idrates 
f o r  n e t  o p t i c a l  a c t i v i t y  wi thout  needing t o  s p e c i f y  e x a c t l y  which sugar  i c  in 
ques t ion .  
Aa documented i n  t h e  a t t a c h e d  
This method depends on t h e  coupl inz  of an o~%icZ13.:; 
If t h e  amino a c i d  i s  racemic, two d ia s t e reo i somers ,  t h e  &-E and t h e  
The same 
organ ic  
’ 
3es ides  t h e i r  abun- 
The work with amfno a c i d s  does poin t  to t h i s  l . imitat ion,  namely that i f  a 
wide v a r i e t y  of o r g m i c  molecules a r e  p r e s e n t  i n  t h e  saq le ,  t h e  gas ciiroma- 
tograph would n o t  be e a s i l y  i n t e r y r e t a b l e ,  since any two peaks n i g h t  be  re- 
l a t e d  d t a s t e reo ieomers ,  o r  t o t a l l y  un re l a t ed  molecules,  
be circumvented i n  p r i n c i p l e  in s e v e r a l  :Jays: 
Tnis d i f f i c u l t y  could 
a. a two-stage s e p a r a t i o n ,  the  f i r s t  wi thout  t h e  i n t r o d u c t i o n  of  an 
o p t i c a l l y  active probe - f o r  exanple ,  t r i f l u o r o a c e t y l a t i o n ;  then  each f r a c t i o n  
would be  t e s t e d  by r e o o l v a b i l i t y ,  us ing  2 and f- r eagen t s  s e p e r a t e l y  and t o g e t h o r  
p r i o r  t o  t h e  second s t age .  
wi thout  racemizat ion.  
This  io clumsy imd m y  be d i f f i c u l t  t o  i q l e n a n t  
b. a single s t a g e  r e a c t i o n  run i n  p a r a l l e l  w i t h  E- and r eagen t s .  
This  may s u f f e r  from c a l i b r a t i o n  probleas  circumvented by (c). 
C. a s i n g l e  s t a g e  r e a c t i o n  with r a t i o - d e t e c t i o n  of  E- and &-coiaplexes. 
For example, suppose we prepared  tlre enan t iomer i c  r e a g e n t s  v i t h  d i f f e r o n t i a l  
labela ,  f o r  sake of argument say  l e v o - t r i t i u m  and d ~ x t r 0 - C ~ ~ .  After ccup l ing  
* 
t o  t h e  mixed t a r g e t  material, the prcduct is t hcn  chromatog;xc?pId. 
symmetrical  t a r g e t  molecule,  the 3K/14C r a t i o  w i l l  remain uniform i n  a s i n g l e  
peak. 
ar,d gives rise t o  r e so lvab le  d i a s t e reo i somers ,  t h c  t r i t i u m  w i l l  be concent ra ted  
i n  one peck, the C14 i n  another ;  that i s  t o  say t h e r e  w i l l  be  a swing i n  t h e  
r a t i o  of t h e  l a b e l s  t o  one another.  If t h e  target molccule is r a c e n i c ,  t vo  
peaks w i l l  a l s o  be  formed (one conta in ing  L-D- p l u s  E-L; t h e  o t h e r  &-& aad 
- D-DJ bu t  the  l a b e l  r a t i o  i n  each peak w i l l  remain cons t an t .  Therefore ,  even 
%her. a wide v a r i e t y  of subs tances  may be p r e s e n t  i n  t h e  saxp le ,  t h e  i ' a t io  
r ecu rd ing  of t h e  chromatograph output  w i l l  be  in f luenced  only  by c p t i c a l l y  
active spec ie s .  
ate t h e  s h i f t  in r a t i o  by d i l u t i n g  t h e  d i f f e r e n c e  i n  l a b e l .  
For each 
However, i f  an o p t i c a l l y  a c t i v e  asymmetric molecule i s  cncoimtered,  
G-rerlapping peaks w i l l  i n t e r f e r e  only insofar ao t hey  a t t enu-  
This  approach t h e r e f o r e  r equ i r e s  t h e  fewest  a s s m p t i o n n  about t h e  spec i -  
f i c  mGlecules be ing  sought ;  n a t u r a l l y ,  t h e r e  are t e c h n i c a l  c o n s i d e r a t i o n s  oil 
t h e  choice  of a v a r i e t y  of reagents  and c o l u m s  b e s t  s u i t e d  f o r  d i f f e r e n t  
clasees o€ s u 5 s t a c e s .  
T r i t i u m  and C14 were inentionei as d i f f e r e n t i a l  l a b e l o  only  f o r  purposes  
of i l l u s t r a t i o n ,  though they might well serve f o r  certain purposes. 
halogenated r e a g e n t s ,  only one r a d i o a c t i v e  i t o t o ? e  mxy b e  needed, e lac t rm 
cap tu re  and o t h e r  methods g iv ing  e x c e l l e n t  d e t e c t i o n  of  t o t a l  material. 
Othcr u l t r a s e n s i t i v e  techniques ,  such as nqut ron  cap tu re  methods, alpha-par- 
With 
. t i c le  b a c k s c a t t e r i n g ,  and so on, a l s o  sugges t  themselves. The g r e a t e s t  
u t i l i t y  might be found from mass-spectrometric d e t e c t i o n ,  e.g. , w i t h  0l8 
l a b e l l i n g  of t h e  t r i f l u o r a c e t y l  group and t h e r n a l  c racking  of  t h e  
tograph e f f l u e n t ;  w i th  c a r e f u l  choice of m a t e r i a l s ,  monitor ing t h e  m/m+2 
r a t i o  would g ive  CL very f a s t ,  h igh ly  s e n s i t i v e  r eco rd ing  €o r  o p t i c a l  a c t i v i t y ;  
t h e  sane instrument  wi thout  c racking  could g ive  t h e  f u i l  mass spectrum of j u s t  
t h e  i n t e r e s t i n g  f r a c t i o n ,  i.e., d a t a  from uiiich t o  deduce t h e  chemical n a t u r e  
of thz o p t i c a l l y  active spec ie s .  
chroma- 
The work a l r e a d y  done could  be inco rpora t ed  d i r e c t l y  i n t o  a u s e f u l  l i f e -  
d e t e c t i n g  expcrinieiit , namely f o r  t h e  p r o p a r t i c s  of amino a c i d s  p a r t l y  s e p a r a t -  
ed by another  sub-system. 
f i n e a e n t s  a long t h e  l ines  i n d i c a t e d  t h a t  would y i e l d  a syotem g iv ing  ti gene ra l  
approach t o  t h e  d e t e c t i o n  and i d e n t i f i c a t i o n  of minute amounts of o p t i c a l l y  
a c t i v e  materials. 
We propose t o  cont inue  ou r  i n v e s t i g a t i o n s  on rc- 
I 
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S 2np le s 
Our p resen t  t h ink ing  encompacses t h e  u t i l i t y  of e o i l  samples of t h e  o rde r  
of 1 t o  IO grams, t h e  c o l l e c t i o n  of which would involve  a subsystem c o m e n m r n t e  
wi th  t h e  complexity of t h e  ana lyzer  (i.e., gao chromatograph, mass spec t ro -  
neter and thereon) .  
B kilogram and a power requirement very small c o q a r e d  t o  t h e  ana lyzers .  
should be no problems of s t e r i l i z a t i o n  of t h e s e  reagents .  
down t h e s e  ana lyze r s  are found, samples of t h e  o rdc r  of 1 - 10 mg might plau-  
s i b l y  be  expected t o  y i e l d  an i n t e r e s t i n g  r e s u l t .  
The r eagen t s  and t h e i r  handl ing  should be  mar.ageable w i t h i n  
T'nexe 
I f  means of s c a l i n g  
Co l i ec t ion  of v o l a t i l e s  from the atmosphere a l s o  deserves  c o n s i d e r a t i o n ,  
perhaps wi th  t h e  h e l p  of morning dewfalls.  
the  permafrost model, most of t h e  "volatile" material of Mars will be d i s t i l l e d  
or leached o u t  and f o s s i l i z e d  a t  some depth  beneath t h e  s u r f a c e  i n  e q u a t o r i a l  
r eg icns .  S u b a r c t i c  zones roughly a t  t h e  t i m e s  of wave3 of darkening have t h e  
b e s t  chance of s u r f a c e  exposure, but d igging  a t  t h e  equa to r  should  g ive  a s i m i -  
lar  r e s u l t  - as would shaded crev ices .  
most abundant between t h e  s u r f a c e  arid t h e  permafros t  and e s p e c i a l l y  i n  t h e  
v i c i n i t y  of such c rev ices .  
It shduld be  po in ted  o u t  t h a t  on 
Microorganisms might be  expected t o  be  
Consider a mixture  of g lyc ine  (symmetric), &-valine (racemic) and 
- L-leucine ( o p t i c a l l y  active) i n  equal amounts of each  isomer. The fo l lowing  
chromatograms would be  r e a l i z e d .  (TFA s t a n d s  f o r  t r i f l u o r a c e t y l ;  TFAP s t a n d s  
f o r  t r i f l u o r a c e t y l - p r o l y l . )  
- L-leucine 
- D plus k v a l i n e  
g lyc ine  (unresolved) 
4 
t i m e  1. N-TZ'A amino a c i d s  
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d 1,-TFM- 
glycine - L-TFAP- 
L-TFAP- - L-ieucine 





D-TFAP- - D-TFAP- - ;\ I i  




i i  
4. Figure 2 less Figure 3. 
Figure 4 could be obtained either by (b) running parallel  col-mns prccisely 
calibrated and controlled with respect t o  the roaction with TPAP or (c) d i f -  
ferential labelling of the TFAP used i n  B single  reaction. 
- 4 -  
FLOW I EAGlUX4 
A Coaplctc Subsystem for the Atitonated Biological L a b o r a t o r y .  
T h i s  would hove the most f l ex ib i l i ty ,  sens i t iv i ty  and richncss of information. 
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Report t o  the National Aeronautics and Space Administration 
"Cytochemical Studies of Planetary Microorganisms - Explorations i n  Exobiology" I 
4 NsG 81-60 
Status Report Covering Period April 1,  1966 to  October 1 ,  1966 
Instrumentation Research Laboratory, Department of Genetics 
i Stanford University, School of Medicine 
Palo Alto, California 
. 
Director 
Instrumentation Research Laboratory 
A. INTRODUCTION 
This  S t a t u s  Report covers  t h e  a c t i v i t i e s  of t h e  Ins t rumenta t ion  Research 
Laboratory from Apri l  1, 1966, t o  October 1, 1966. 
are descr ibed  i n  separate t e c h n i c a l  r e p o r t s  and papers.  
t o  t h e s e  and summarizes cont inuing p r o j e c t s .  
Major t e c h n i c a l  e f f o r t s  
The s t a t u s  r e p o r t  r e f e r s  
We are now loca ted  i n  the  new l abora to ry  f a c i l i t i e s  provided by NASA Grant 
NsG-(F)-2. Work under g r a n t  N s G  81-60 inc ludes  areas of r e sea rch  t h a t  are 
c l o s e l y  r e l a t e d  t o  e f f o r t s  being c a r r i e d  ou t  i n  t h e  Department of Genet ics  under 
o t h e r  g r a n t s  o r  con t r ac t s .  
f o r  "Molecular Biology Appl ica t ions  of Mass Spectroscopy,' '  Nat iona l  I n s t i t u t e  
of Neurological  Diseases and Blindness  Grant NB-04270 e n t i t l e d  "Molecular 
Neurobiology" and f o r  work c a r r i e d  out  by t h e  Advanced Computer f o r  Medical 
Research (ACME) program supported by t h e  Nat iona l  I n s t i t u t e  of Heal th ,  Div is ion  
of Research Faci l i t ies  and Resources under Grant FR00311-01. There is  col lab-  
o r a t i o n  wi th  t h e  work i n  the  Computer Science Department on a r t i f i c i a l  i n t e l -  
l i gence  c a r r i e d  out under support  of t h e  Advanced Research P r o j e c t s  Agency 
SD 183. 
Nat iona l  I n s t i t u t e  of Heal th  under Grant CAO4681-08. The r e l a t i o n s h i p  of t h e  
This  i nc ludes  A i r  Force Cont rac t  AF 49(638)1599 
I n  add i t ion ,  work i s  be ing  done on "Genetic S tud ie s  of Mammalian C e l l s , "  
work c a r r i e d  out  under NASA gran t  t o  t h e s e  o t h e r  a c t i v i t f e s  cont inues  t o  
prove of g r e a t  mutual b e n e f i t  i n  a l l  cases. 
The gene ra l  p ro j ec t  a r e a s  of the Resume are: 
I. Fluorometry 
11. G a s  Chromatograph and Op t i ca l  Resolut ion 
111. Mass Spectrometry 
I V ,  Computer Managed Ins t rumenta t ion  
V. UV Microspectrometry 
During t h e  s i x  month per iod descr ibed  above, two papers  w e r e  p resented  t o  t h e  
American As t ronau t i ca l  Soc ie ty  and t h r e e  papers  submit ted t o  j o u r n a l s  f o r  
pub l i ca t ion .  
Information covering personnel  changes is presented.  
A l i s t i n g  of t hese  r e p o r t s  i s  inc luded  i n  t h i s  s t a t u s  r e p o r t ,  
-2- 
. 
B. PROGRAM RESUME 
I. Fluorometry 
a. Detect ion and I d e n t i f i c a t i o n  of Bac te r i a  Using a Fluorometric Aminopeptidase 
Assay 
I n  t h e  previous s t a t u s  r e p o r t ,  it was shown t h a t  amino a c i d  B-naphthylamides 
(BNA) could be used a s  f luorogenic  s u b s t r a t e s  i n  a very s e n s i t i v e  assay f o r  
aminopeptidase a c t i v i t y  i n  s o i l .  T h i s  work has  now been extended t o  an 
i n v e s t i g a t i o n  of the r e l a t i v e  s p e c i f i c i t y  of a number of pure s t r a i n s  of 
b a c t e r i a  towards t h e  e ighteen  d i f f e r e n t  amino ac id  BNAs. 
I n  t h e  i n i t i a l  series of experiments, b a c t e r i a ,  k indly  provided by 
D r .  E. M. Lederberg, were grown f o r  a number of days on Nut r ien t  Spizizen 
Agar p l a t e s .  
suspended i n  Spizizen s o l u t i o n .  Eighteen equal  a l i q u o t s  (40X) of t h i s  sus- 
pension were incubated wi th  each of t h e  s u b s t r a t e  s o l u t i o n s  (2.0 m l .  
amino ac id  BNA i n  0.1 M. tris a c e t a t e ,  pH 8) f o r  4 hours a t  3 7 O C .  
a c t i v i t y  w a s  measured by observing the f luorescence  of t h e  r e l eased  
B-naphthylamine using an Aminco-Bowman fluoromicrophotometer s e tup  with a 
Corning 7-37 as primary f i l t e r  and a Wratten 47B as secondary f i l t e r .  
r e s u l t s  are summarized i n  Table 1 with t h e  BNAs l i s t e d  i n  order  of a t t a c k  
wi th  t h e  r e l a t i v e  hydro lys is  expressed a s  a percentage of t h e  a t t a c k  on the  
primary amino ac id  BNA. 
primary s u b s t r a t e .  




The b a c t e r i a  have been grouped according t o  t h e i r  
- 3- 
Table 1. Aminopeptidase s p e c i f i c i t y  of bacteria grown 
on Nut r ien t  Agar Spizizen (NSA) plates 
Order of at tack (% primary amino a c i d  BNA) 
v 
Species  Cul ture  1 2 3 4 5 
B. s u b t i l i s  
B. s u b t i l f s  
B e  s u b t i l i s ,  W23 
B. s u b t i l i s  
B. s u b t i l i s  
B.  s u b t i l i s  var. 
n i g e r  
B. a te r r i smus  
B. l i c h e n i f o r m i s  
B. mepatherfum 
B. l a t e r o s p o r u s  
B.  r o t a n s  
B o  coagulans 
B. c i r c u l a n s  
B. l e n t u s  
B. g l o b f g i i  
B. ce reus  var. 
t e r m i n a l i s  
B. ce reus  
B o  polymyxa 
B. mycoides 
E. c o l i  K12 
E. c o l i  K12 
B. pumilfs  
B. b r e v i s  

























A l a  (27) Lys (7) 
Phe (7) 
Pro  (21) H i s t  (18) 
Phe (44) 
V a l  (32) Asp (32) 
Phe (27) Leu (27) 
Phe (7) 
Leu (58) Lys (23) 
M e t  (16) Lys (16) 
LYS (20) 
Typ (26) Leu (21) 
Lys (12) Hypro(l2) 
Leu (10) Met (6) . 
Leu (27) Lys (26) 
Arg (9) M e t  (7) 
Gly (9) Leu (8) 
Gly (10) Leu (4) 
Phe ( 5 )  Asp (4) 
Pro (45) V a l  (4) 
-4- 
I n  o r d e r  t o  test whether t he  d i f f e rences  i n  s p e c i f i c i t i e s  among t h e  b a c t e r i a  
were due t o  d i f f e r e n c e s  i n  permeabi l i ty ,  a number of b a c t e r i a  were lysed  by 
sonica t ion ,and  a f t e r  sp inning  down any i n t a c t  cells,were assayed as before .  
There were n e g l i g i b l e  d i f f e rences  i n  t h e  p a t t e r n  of a t t a c k  between t h e  cell- 
f r e e  system and t h e  i n t a c t  b a c t e r i a .  The v a r i e t y  of a t t a c k  exh ib i t ed  by 
the b a c t e r i a  appeared t o  be due t o  t h e  ba lance  and s p e c i f i c i t y  of a number 
of  aminopeptidases i n  t h e  c e l l .  To examine t h e  e f f e c t  of growth medium on 
t h e  ba lance  of  t h e s e  enzymes a second set  of experiments were c a r r i e d  out  i n  
which t h e  b a c t e r i a  w e r e  grown on minimal p l a t e s  conta in ing  j u s t  Sp iz i zens ,  
g lucose  and agar .  
s t r a i n s  grew s u f f i c i e n t l y  t o  be assayed as descr ibed  previous ly  and t h e  
Not a l l  strains grew under t h e s e  cond i t ions ,  b u t  t h i r t e e n  
..-A,... LSaULCU - I ”  are summarized i n  Table 2. Zi i  this second series of assays, only 
t he  e i g h t  most commonly a t tacked  s u b s t r a t e s  were t e s t e d  i n  o rde r  t o  s impl i fy  
t h e  procedure.  The e i g h t  s u b s t r a t e s  were t h e  BNAs of g lyc ine ,  a l a n i n e ,  
p r o l i n e ,  l e u c i n e ,  methionine,  phenylalanine,  a r g i n i n e ,  and l y s i n e .  I n  o r d e r  
t o  demonstrate t h e  d i f f e r e n t  e f f e c t  t h a t  t h e  change of growth media had on 
the  b a c t e r i a ,  they  are l i s t e d  i n  t h e  same groups as i n  Table 1 wi th  t h e  
primary s u b s t r a t e  a f t e r  growth on NSA p l a t e s  i n  parentheses .  
By comparing t h e  r e s u l t s  of t h e s e  two series of experiments i t  can be seen  
t h a t  t h e  aminopeptidase s p e c i f i c i t y  of b a c t e r i a  is a f f e c t e d  t o  d i f f e r e n t  
e x t e n t s  by t h e  growth media. E. c o l i  and B ,  coagulans,  B .  g l o b i g i i ,  
B .  ce reus  and B .  polymyxa a t t acked  t h e  same primary s u b s t r a t e s ,  b u t  t h e  
remaining s t r a i n s  had completely d i f f e r e n t  p a t t e r n s  of a t t a c k  when grown 
on t h e  two d i f f e r e n t  media. This  suggested us ing  two growth media as an 
a d d i t i o n a l  t o o l  f o r  i d e n t i f i c a t i o n .  I n  o r d e r  t o  i n v e s t i g a t e  t h e  causes  f o r  
t h e  change i n  s p e c i f i c i t y  wi th  change of growth media, B .  mycoides w a s  
examined i n  d e t a i l .  When grown on NSA medium, B. mycoides exh ib i t ed  almost 
exc lus ive  a t t a c k  on l euc ine  BNA, w h e r e a s ,  when grown on minimal p l a t e s  t h e  
b a c t e r i a  w a s  much less s p e c i f i c  a t t ack ing  almost equa l ly  l y s i n e ,  phenyl- 
a l a n i n e ,  l e u c i n e  and a r g i n i n e  BNAs.  I n  o rde r  t o  test  whether enzyme 
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Table 2. Aminopeptidase s p e c i f i c i t y  of b a c t e r i a  grown on M i n i m a l  plates 
Order of at tack (% primary amino a c i d  BNA) 
Spec ies  Cu l tu re  1 2 3 4 5 
B. s u b t i l f s  (Gly) SB 19 Arg Lys (68) Pro  (55) Leu (46) Gly (30) 
B. a t e r r imus  (Gly) UW353M8 Leu Phe (69) M e t  (55) Pro (17) 
B. l i chenf fo rmis  (Gly) SB 623 Leu Arg (50) 
B. r o t a n s  (Arg) SB 724 Leu M e t  (90) A l a  (77) Phe (67) Lys (60) 
B e  coagulans (Arg) SB 722 Arg Leu (22) Lys (16) 
B. c i r c u l a n s  (Arg) SB 705 Phe (100)Arg (100) Leu (55) Lys (52) M e t  (41)  
B. g l o b f p i i  (Arg) SB 512 Art3 Leu (77) Lys (70) 
B. c e reus  var .  
B. c e reus  (Leu) SB 521 Leu Arg (10) M e t  (7) Phe (4) 
B o  polymyxa (Leu) SB 515 Leu Phe (22) Lys (16) Arg (14) M e t  (14) 
B. mycoides (Leu) SB 511 Lys (100)Phe (100) Leu (78) Arg (55) M e t  (38) 
E. c o l i  K12 (Ala) W3693 A l a  Lys (26) Leu (21) Gly (11) Arg (9) 
t e rmina l f s  (Leu) SB 514 Leu Phe (16) Arg (15) Lys (13) M e t  (10) 
B o  b r e v i s  (Pro) SB 900 Pro  Arg (12) G l Y  (4) 
-6- 
. 
r ep res s ion  w a s  p lay ing  a p a r t  i n  t h i s  change, t h e  b a c t e r i a  was grown on 
(1) minimal + 1 mg.% l y s i n e ,  ( 2 )  minimal + 1 mgn% phenyla lan ine ,  ( 3 )  minimal 
+ 1 mg.% a r g i n i n e ,  and ( 4 )  minimal + 1 mg.% leuc ine .  
It appears from t h e s e  r e s u l t s  t h a t  t h e r e  are two major aminopeptidases i n  
- B. mycoides, one of which is s p e c i f i c  f o r  l e u c i n e  BNA and a second which 
a t t a c k s  phenyla lan ine ,  l y s i n e ,  a rg in ine  and probably methionine BNAs. I n  
experiments ( l ) ,  (2)  and ( 3 ) ,  t h e  a d d i t i o n  of one of t h e  t h r e e  amino a c i d s  
produced by t h e  a c t i o n  of t h e  second enzyme causes a r ep res s ion  of t h i s  
enzyme dur ing  growth r e s u l t i n g  i n  a h igh  l euc ine  aminopeptidase s p e c i f i c i t y ,  
whereas when l euc ine  is added t o  the  growth medium (experiment 4 ) ,  t h e  
b a c t e r i a  aga in  shows a broad p a t t e r n  of a c t i v i t y  although it  should be 
noted t h a t  t h e  l e u c i n e  aminopeptidase a c t i v i t y  is not  repressed  as 
s e v e r e l y  as t h e  second enzyme i n  experiments (1) through ( 3 ) .  Presumably 
i n  t h e  NSA medium, a l l  amino ac ids  are p resen t  and t h e r e f o r e  ad1 the 
pep t idases  are suppressed t o  some e x t e n t  bu t  t h e  l e u c i n e  aminopeptidase 
is least  a f f e c t e d .  The remarkable s p e c i f i c i t y  of t h e  l euc ine  aminopeptidase 
i n  t h i s  b a c t e r i a  prompted us t o  compare i t  wi th  l euc ine  aminopeptidase from 
swine kidney (Worthington Biochemical Corporation).  This  l a t te r  enzyme w a s  
assayed i n  t h e  same way as t h e  b a c t e r i a  and gave t h e  following o r d e r  of 
a t t a c k :  methionine BNA ( loo%),  l euc ine  BNA ( 9 2 % ) ,  tryptophan BNA ( 2 2 % ) ,  
and phenyla lan ine  BNA (8%). Three o t h e r  b a c t e r i a  w i t h  h ighly  s p e c i f i c  
enzymes are E.  b r e v i s  ( p r o l i n e  aminopeptidase),  E. c o l i  K 1 2  ( a l a n i n e  
aminopeptidase) and E. pumi l i s  (phenylalanine aminopeptidase). 
I n  conclus ion ,  t h i s  technique appears t o  be u s e f u l  both as an  a d d i t i o n a l  
means of i d e n t i f y i n g  b a c t e r i a l  s t r a i n s  and a l s o  examining t h e  s p e c i f i c i t y  
and ba lance  o f  d i f f e r e n t  aminopeptidases w i t h i n  a pure s t r a i n .  However, i t  
has  been c l e a r l y  demonstrated t h a t  t h e  aminopeptidase a c t i v i t y  i s  very 
s e n s i t i v e  t o  growth medium and t h e r e f o r e  i f  t h i s  is  t o  become a r e l i a b l e  
taxonomic procedure,  b a c t e r i a  must be  grown f o r  equa l  t i m e s  on c a r e f u l l y  
s p e c i f i e d  s y n t h e t i c  media i n  order  t o  guarantee  r e p r o d u c i b i l i t y .  With a 
view t o  us ing  t h i s  technique f o r  an exob io log ica l  a s s a y ,  w e  have shown 
t h a t  t h e s e  compounds as hydrochlor ides  are s t a b l e  t o  h e a t  s t e r i l i z a t i o n  
( 2 4  hours  a t  130') 
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Table 3. E f fec t  of chanRes i n  growth media on aminopeptidase 
s p e c i f i c i t y  of B. mycoides (SB 511) 
Order of a t t a c k  
Growth medium 1 2 3 4 5 
NSA Leu I s o l e u  (1) 
Minimal Phe (100) Lys (100) Leu (78) Arg (55) M e t  (38) 
(1) Minimal + 1 mg.% l y s i n e  Leu Phe (14) M e t  (12)  Lys (10) Arg (5) 
(2 )  Minimal + 1 mg.% phenyl- 
a l a n i n e  Leu M e t  (11) Phe (6 )  Lys (5) Arg (3) 
(3) Minimal + 1 mg.% a r g i n i n e  Leu Phe (18) Lys (14) Arg (13) Met (12) 
(4) Minimal + 1 mg.% l e u c i n e  Phe M e t  (93) Lys (76) Leu (62)  Arg (58) 
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b .  Nanosecond Flash  Fluorometry (Phosphorimetry) 
The in s t rumen ta t ion  development has been completed. 
t h e  f l u o r i m e t e r  is  being c a r r i e d  out by D r .  S t r y e r  of t h e  Biochemistry 
Department under o t h e r  g r a n t s .  
Fu r the r  r e sea rch  us ing  
The nanosecond f luo r ime te r  which was developed s u i t a b l e  f o r  measuring t h e  
emiss ion  k i n e t i c s  of chromophores which have e x c i t e d  s ta te  l i f e t i m e s  longer  
than 1 nsec  is descr ibed  i n  a pape r  by L. Hundley, T. Coburn, E. Garwin, and 
L. S t r y e r ,  "A Nanosecond Fluorimeter," Review of S c i e n t i f i c  Ins t ruments  
( t o  be  publ i shed) .  
The a c q u i s i t i o n  and process ing  of the  nanosecond d a t a  were accomplished i n  
e n t i r e t y  by computers. 
opera ted  i n  a r e l a x a t i o n  mode, is  simple t o  c o n s t r u c t  and use. 
e x h i b i t s  h igh  i n t e n s i t y  over a broad s p e c t r a l  range as w e l l  as a s h o r t  
p u l s e  dura t ion .  
of 2 . 1  kHz. 
and 600 m. The rise and f a l l  t i m e s  of t h e  l i g h t  p u l s e ,  as measured w i t h  a 
photodiode, were 0.7 nsec  and 1.1 nsec. 
had rise and f a l l  t i m e s  s h o r t e r  than 0.43 nsec.  
w a s  used as t h e  d e t e c t o r .  The output of a 1P21 w a s  connected t o  a sampling 
o s c i l l o s c o p e  t h a t  was t r i g g e r e d  by a synchronous c u r r e n t  p u l s e  from t h e  
l i g h t  source.  
s t o r e d ,  and averaged on a L I N C  computer, and then t r a n s f e r r e d  t o  magnetic 
t a p e  f o r  process ing  on an IBM 7090. The nanosecond d a t a  w e r e  analyzed 
i n  terms of a convolution i n t e g r a l  which took i n t o  account t h e  shape of t h e  
e x c i t i n g  l i g h t  pu l se  as seen  by the d e t e c t i o n  system. The use of t h e  
appa ra tus  is i l l u s t r a t e d  by two examples: 1,4-bis-2-(4-methyl-5-phenyloxazolyl) 
benzene, which has a l i f e t i m e  of 1.5 nsec ,  and 1-anilino-8-naphthalene 
s u r f o n a t e  bound t o  serum albumin, which has  a l i f e t i m e  of 1 7 . 1  nsec.  
The pulsed l i g h t  sou rce ,  an oxygen spark-gap lamp 
The lamp 
There were 6 x 10l1 photons p e r  p u l s e  at a r e p e t i t i o n  ra te  
The spectrum of t h e  lamp w a s  approximately f l a t  between 200 
The accompanying c u r r e n t  pu l se  
A 1P21 pho tomul t ip l i e r  tube  
The analog output  of t h e  sampling o s c i l l o s c o p e  w a s  d i g i t i z e d ,  
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11. 
In  a continuance of our  work on t h e  o p t i c a l  r e s o l u t i o n  of amino a c i d s  by GLC, 
w e  have appl ied  t h i s  technique t o  a s tudy of t h e  racemizat ion i n  pept ide  
synthes is '  and t o  t h e  o p t i c a l  a n a l y s i s  of Cycl ic  amines.* While many u s e f u l  
observa t ions  on the b e s t  condi t ions  f o r  d ias te reo isomer  s e p a r a t i o n  have been 
made3 most of our  GLC a n a l y t i c a l  procedures have been obtained by "a h i t  o r  
m i s s ' '  approach. 
t h e  mechanism of GLC diastereoisomer s e p a r a t i o n .  A s  a s t a r t i n g  p o i n t  w e  are 
looking a t  t h e  system W-C-0cM-R where we  change X. Prel iminary 
Gas Chromatography and O p t i c a l  Resolut ion 
We are now s t a r t i n g  an i n v e s t i g a t i o n  aimed a t  e l u c i d a t i n g  
Ps * 
k U  
r e s u l t s  i n d i c a t e  t h a t  t h e  n a t u r e  of X has  a g r e a t  i n f l u e n c e  
s e p a r a t i o n .  Thus when X = C1, B r ,  N = C = 0,  N = C = S o r  
no s e p a r a t i o n  can b e  obtained.  
d ias te reo isomers  a r e  r e a d i l y  resolved.  
I f  X = NHCHO, NHCOCF3 o r  NHCOCH3, t h e  
While await ing the  completion of an enr ich ing  device ,  t h e  GLC (gas  l i q u i d  
chromatograph) wa.i coupled t o  the EA1 (Elec t ronics  Associates  Inc.) OUAD 300 
quadruple mass spectrometer i n  a non-enriching conf igura t ion .  
' T t i c  b a s i c  c o n s t r a i n t s  i n  design of t h e  in te rconnec t ion  were manifested i n  
t h e  requirements t h a t  a volume rate. of flow equal  t o  4 x 10 
fr~\rn the terminal  end of t h e  GLC volume a t  a p r e s s u r e  of approximately 
1 x Tor r ,  t h a t  t he  p r e s s u r e  i n  t h e  MS (mass spectrometer)  n o t  exceed 
1 x 10 Tor r ,  and t h a t  t h e  temporal phase d i f f e r e n c e  i n  t h e  responses of 
t h e  G I L  and t h e  MS b e  less than 1 second. 
-1 3 c m  /sec i s s u e  
-5 
'lhti a a t c - r i a l  rate of flow Q through any s e c t i o n  of t h e  s y s t e m  i s  r e l a t e d  
t o  t h e  p r e s s u r e  P and t h e  volume rate  of flow R by 
Q = PR, 
-- - 
'B. Lialpern, L. Chew, and J .  W .  Westley, " I n v e s t i g a t i o n  of Racemization 
during Pept ide Bond Formation by GLC of Diastereoisomeric  t-ROC-Amino 
A c i d  Amides , I 1  (submitted t o  Anal. Chem.). 
H. L. Karger, K. L.  s t e r n ,  W. Keane, B. Haipern and J. W. Westiey, 
"GI,C Separat ion of Diastereoisomeric  Amides of Racemic Cycl ic  Amines , I t  
_-- J. Anal. Chem., 2, p .  228 (1967). 
3 
38. Halpern, J .  W. Westley, and B. Weinstein,  " I n v e s t i g a t i o n  of S t e r i c  E f f e c t s  
about the Amide Bond by Gas-Liquid Chromatography," Nature,  210, p. 837 (1966). 
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3 where,  f o r  our  purposes ,  P w i l l  be  expressed i n  Tor r ,  R i n  c m  /sec, and 
consequent ly  Q i n  Torr  c m  /sec.  The temperature  is  assumed cons tan t  through- 
out  t h e  system. A t  t h e  te rmina l  end of t h e  GLC column, then  w e  have 
4 x 10 Torr  c m  /sec. 
3 3 imate ly  2 x lo5  c m  /see. 
1 x Torr .  We see then t h a t  only one p a r t  i n  200 of t h e  e f f l u e n t  from 
t h e  column can be admitted t o  t h e  MS. The remainder of t h e  e f f l u e n t  must 
be r e j e c t e d .  
scheme i l l u s t r a t e d  schemat ica l ly  i n  Figure 1. 
3 
2 3 The pumping speed of t h e  MS vacuum system is approx- 
of 2 Torr  c m  / s ec  a t  Thus, the MS w i l l  pump a 6 
Our method of r e j e c t i o n  involved t h e  d i f f e r e n t i a l  pumping 
The gas flow design parameters cha rac t e r i z ing  t h e  var ious  l i n e s  i n  t h e  system 
are summarized i n  Table 4 wherein t h e  numbers heading t h e  columns are keyed 
t o  Figure 1. 
Table 4. I n i t i a l  design parameters on which t h e  development 
of the  system w a s  based 
P [Torr ]  
1 2 3 4 5 6 7 
5 4xlO-I 2xlO-I 2xlO-I 5x102 5x102 5 2x10 
1x10 1x10 1x10 4x10-1 4xlO-l 4xlO-I l ~ l O - ~  
4x 10 2x10 2x10 2x10 2x10 2 2  2 
The tee between t h e  GLC column and t h e  va lve  V 1  w a s  cons t ruc ted  of 304 s t a i n -  
less steel  s e c t i o n s  of 0.010'' I D  and 0.020" I D  each of no t  more than 10 c m  
i n  length .  Gas flow t r a n s i t  t i m e s  through the  tubes  were thereby kept  s h o r t  
and roughly equal .  
3 I n  o rde r  t o  g e t  5 x l o 2  cm /sec out of l i n e  No .  5 ,  va lves  V 1  and V2 were 
c l o s e  coupled by less than  3 cm of 1/8" I D  s t a i n l e s s  s teel  tub ing  and l i n e  
No. 5 expanded from a nominal 1 cm I D  s t a i n l e s s  s teel  s e c t i o n  t o  a 3 / 4 "  I D  
f eede r  i n t o  t h e  mechanical pump. 
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I VAC GAUGE I 
I I 
Figure 1 
Schematic illustration of non-enriching coupl ing scheme 





Nupro s ta inless  steel 25A "very f ine  meter ing valves"  were employed f o r  
V 1  and V2. A 1/8" I D  glass-to-metal seal  on t h e  e x i t  end of V2 and a 
3/8" I D  glass-to-metal sea l  on the  i n l e t  end of V3 were interconnected by 
a s e c t i o n  of g l a s s  tubing. V3 was a 3/8" s t a i n l e s s  s t ee l  bellows s e a l e d  
Hope valve with a Viton O-King s e a l i n g  gasket .  The valve was c l o s e  coupled 
t o  t h e  i n l e t  f lange  of t h e  MS. 
The e n t i r e  s e c t i o n  of l i n e s  and valves from t h e  GLC t o  t h e  MS w a s  kept  
a t  a uniform temperature by an oven enclosure.  
The s y s t e m  performed c l o s e  t o  expec ta t ions .  It was found t h a t  the  1 degree 
tapered  needle  i n  V2 would not  withdraw s u f f i c i e n t l y  f a r  t o  enable  t h e  MS 
p r e s s u r e  t o  rise about 3 x 10 Torr ,  and thus t h i s  valve was genera l ly  
run wide open. 
GLC e f f l u e n t  peak mixing and i n t e r f e r i n g  with t h e  r e l a t i v e  t i m e  responses 
of t h e  GLC and t h e  MS. 
-6 
An i n c r e a s e  o f  MS pressure  could be achieved by reducing 
With the  s y s t e m  descr ibed ,  prototype Pas teur  probe experiments have been 
c a r r i e d  out and as l i t t l e  as gm of o p t i c a l l y  a c t i v e  amino a c i d s  could 
be de tec ted .  We are now improving t h e  valving s y s t e m  i n  order  t o  inc lude  
a Riemann enrichment device which should i n c r e a s e  t h e  s e n s i t i v i t y  by two 
o r d e r s  of magnitude. 
Figures  2 t o  5 i l l u s t r a t e  t h e  funct ioning of t h e  P a s t e u r  probe experiment. 
Figures  2 and 4 are t h e  GLC e f f l u e n t s  as a func t ion  of t i m e  (GLC carried 
o u t  a t  185O, us ing  a 0.5% EGA column (5 '  x 1/8") on chromosorb W). 
Figures  3 and 5 r e s u l t  from repeated sweeps of t h e  mass spectrometer  over  
t h e  range m / e  = 180 t o  190. The peaks of i n t e r e s t  a r e  m / e  = 184 and 186 
due t o  t h e  fragments 
m / e  = 184 







GLC of &-alanine d e r i v a t i v e  
FIGURE 3 
lass s p e c t r a  scan ( d e  = 180 t o  190) 







f &-alanine derivative 
FIGURE 5 
ectra scan (m/e = 180 to 190) 
- L-alanine derivative 
m / e  184 
m / e  186 I n  Figure 3 f o r  a I&-aminobutyric a c i d  d e r i v a t i v e ,  t h e  r a t i o  
remains uniform, except f o r  d i f f e rences  t h a t  can be  accounted 
f o r  by changes i n  t h e  envelope of t h e  GLC output  w i t h  t i m e ,  s a t u r a t i o n  
e f f e c t s ,  and t h e  p a r t i c u l a r  sweep parameters chosen. For t h e  o p t i c a l l y  
a c t i v e  amino a c i d  (F igure  5 f o r  L-alanine d e r i v a t i v e )  w e  n o t e  t h a t  t h e  
deu te ra t ed  fragment is  concentrated i n  one peak g iv ing  a dramatic and 
r e a d i l y  observable  change from a va lue  l a r g e  compared t o  un i ty  through 
u n i t y  a t  t h e  c r o s s  over of t h e  two GLC peaks t o  a va lue  small compared 
t o  one. 
The GLC MS system ( a  Varian aerograph gas  chromatograph coupled t o  an 
EA1 QUAD 300 l abora to ry  mass spectrometer) has  a l s o  been used ex tens ive ly  
t o  s tudy  t h e  m a s s  s p e c t r a  of s e v e r a l  sets of d i a s t e reo i somers ,  de r ived  
from amides, esters, and pep t ide  e s t e r s .  Our experiment shows t h a t  
t h e r e  are no s i g n i f i c a n t  d i f f e rences  i n  t h e  mass s p e c t r a  of t h e  
- LL d ia s t e reo i somers .  
and 
111. Mass Spectrometry 
a. Analysis of Natura l  Products 
The A t l a s  CH-4 Mass Spectrometer i n  P ro fes so r  Djerassi's l abora to ry  i n  t h e  
Department of Chemistry has  y ie lded  t h e  r e s u l t s  r epor t ed  i n  t h e  following 
papers  : 
. 
Djerassi, C . ;  MacLeod, J. K. :  Mass Spectrometry i n  S t r u c t u r a l  and 
Stereochemical Problems CIX.  The Non-spec i f ic i ty  of Hydrogen 
Rearrangements i n  Aryl Alkyl Ethers.  J .  Am. Chem. SOC., 
- 88, 1840 (1966). - 
Djerassi, C . ;  Duf f i e ld ,  A. M . ;  Sample, S. D.: Mass Spectrometry i n  
S t r u c t u r a l  and Stereochemical Problems CX. The Course 
of t h e  E lec t ron  Impact-Induced Dehydrochlorination of Primary 
Alkyl Chlorides.  Chem. Comm., 193 (1966). 
Djerassi, C . ;  MacLeod, J .  K.:  Mass Spectrometry i n  S t r u c t u r a l  and 
Stereochemical Problems C V I I I .  Deuterium I so tope  E f f e c t s  i n  
S i t e -Spec i f i c  Mass Spectrometric Rearrangement Processes.  
Tetrahedron Letters,  19, 2183 (1966). - 
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Djerassi, C . ;  Sample, S.: Mass Spectrometry i n  S t r u c t u r a l  and Stereo-  
chemical Problems C I V .  The Nature of t h e  Cycl ic  T r a n s i t i o n  State 
i n  Hydrogen Rearrangements of A l ipha t i c  Su l f ides .  J. Am. Chem. S O C . ,  
- 88, 1937 (1966).  
Djerassi, C . ;  Brown, P o :  Mass Spectrometry i n  S t r u c t u r a l  and Stereo-  
chemical Problems C V I .  Occurrence of  Alkyl and Aryl Rearrangements 
i n  t h e  Fragmentation of Some Organic Carbonates. J. Am. Chem. SOC., 
- 8 8 ,  2469 (1966). - 
Djerassi, C . ;  Thomson, J. B. ;  Brown, P.: Mass Spectrometry i n  S t r u c t u r a l  
and Stereochemical Problems CXIV.  E l ec t ron  Impact-Induced 
Rearrangement of Thiocarbonates , Carbamates and Thiocarbamates e 
J. Am. Chem. SOC., 88, 4049 (1966). - 
b.  Mass S p e c t r a l  Microanalysis  of S o l i d s  
A s tudy  is  i n  progress  t o  determine t h e  s u i t a b i l i t y  of laser induced vapor- 
i z a t i o n  as a mechanism f o r  enabling s p a t i a l  r e s o l u t i o n  i n  the  m a s s  s p e c t r a l  
a n a l y s i s  of organic  s o l i d s .  
I n i t i a l  d a t a  has  j u s t  been obtained,  as of t h e  t i m e  of p repa ra t ion  of t h i s  
r e p o r t ,  from a system c o n s i s t i n g  of a pulsed ruby laser coupled t o  a 
Bendix TOF (Time-of-Flight) mass spectrometer .  The choice of t h e  p a r t i c u l a r  
laser employed f o r  t h i s  prel iminary work w a s  determined p r imar i ly  by con- 
s i d e r a t i o n s  of a v a i l a b i l i t y  r a t h e r  than  s p e c i a l  s u i t a b i l i t y .  
The laser is an e a r l y  model procured by the  l abora to ry  f o r  a p r i o r  requi re -  
ment. The manufac turer ' s  s p e c i f i c a t i o n s  list a peak power ( a  q u a n t i t y  no t  
s p e c i f i c a l l y  def ined)  of 1 x 10 watt ,  pu l se  width of 0.5 x sec, beam 
divergence of 0.5 x 
3 
r ad ian ,  and a laser l i g h t  wavelength of 69438. 
C e r t a i n  checks on t h e  performance of t h e  laser have been made. 
ca lo r ime te r  has  been cons t ruc ted  and employed f o r  t h e  de te rmina t ion  of t h e  
energy conten t  of t h e  pulsed ruby output .  Laser output  measurements were 
made a t  ranges of 12 c m  and 365 cm. The la t te r  were f r e e  of apprec i ab le  
f l a s h  tube  con t r ibu t ion .  The l a s e r  w a s  found t o  have a threshold  of 190 j o u l e s  
i n p u t  and t o  g ive  a maximum output of 1.0 x 10 
a v a i l a b l e  inpu t  of 440 j o u l e s .  
A ra t ' s  n e s t  
-2 j o u l e s  a t  t h e  maximum 
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Beam divergence has been found n e a r  t h re sho ld  t o  be i n  reasonable  accord 
wi th  t h e  manufacturer ' s  s p e c i f i c a t i o n .  However, a t  maximum output  t h e r e  
i s  as y e t  incomplete d a t a  sugges t ing  t h a t  t h e  beam spread  is roughly an 
o r d e r  of magnitude h igher .  
The ruby laser is  mounted o u t s i d e  t h e  vacuum chamber. 
upon the  t a r g e t  by use of a He-Ne 1 m i l l i w a t t  CW gas  laser normally 
r e f l e c t e d  o f f  t he  ruby, That po r t ion  of t h e  ruby p u l s e  f i r e d  upon t h e  
t a r g e t  is  r e f l e c t e d  o f f  an approximately 50-50 beam s p l i t t e r ,  condensed by 
a 10 cm f o c a l  length  l e n s  and in t roduced  t o  t h e  vacuum environment of t h e  
m a s s  spectrometer  through a g l a s s  window, 
The laser is aimed 
I f  w e  assume t h a t  roughly 113 of t h e  ruby r a d i a t i o n  i s  i n c i d e n t  upon t h e  
sample, then w e  estimate t h a t  a t  3 x 10 j o u l e s  of pulsed laser l i g h t  
2 2 is focused t o  5 x c m  a t  t h e  t a r g e t ,  corresponding t o  0.6 joule/cm . 
-3 
-4 The Bendix TOF mass spectrometer  produces a complete spectrum every 10 
seconds.  The present  mode of d a t a  r e t r i e v a l  involves  photographing the  
output  d i sp layed  on an osc i l l o scope .  We are instrumented t o  commence 
observa t ion  on any given Bendix spectrum fol lowing f i r i n g  of t h e  laser f l a s h  
tube  and t o  d isp lay  any d e s i r e d  number of success ive  s p e c t r a  v e r t i c a l l y  
d isp laced  from 0ne another  on t h e  scope face .  
Under condi t ions  of maximum laser output  energy and optimum o p t i c a l  a l ignment ,  
w e  have produced laser induced output  from a c r y s t a l l i n e  sample of 
- N-dinitrophenyl (DNP)-&-isoleucine. 
Observations have been conducted over  t h e  mass range 16  through 47 amu. 
Laser induced peaks a r e  observed a t  2 7 ,  2 9 ,  3 0 ,  3 9 ,  4 0 ,  4 1 ,  and 42. Back- 
ground peaks a t  16, 1 7 ,  1 8 ,  2 8 ,  and 32 would f o r  t h e  moment mask laser 
induced peaks a t  t h e s e  masses. The peaks p e r s i s t  f o r  about 0.7 x sec 
a f t e r  f i r i n g  of the  f l a s h  tube.  The pre l iminary  n a t u r e  of t h i s  work is t o  
be s t r e s s e d .  
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c .  Computer Manipulation of Chemical Hypotheses 
DENDRAL i s  t h e  name of a no ta t ion  f o r  chemical s t r u c t u r e s  s u i t a b l e  f o r  com- 
p u t e r  manipulation. We have now implemented BERZELIUS, a computer program 
b u i l t  around the  DENDRAL nota t ion .  This is w r i t t e n  i n  t h e  LISP language, 
and was b u i l t  on t h e  4-32 time-sharing system of System Development Cor- 
po ra t ion  a t  Santa Monica, Ca l i fo rn ia .  Besides i ts  data s t r u c t u r e s ,  BERZELIUS 
r e q u i r e s  over 30,000 words of core memory. It would have been impossible t o  
w r i t e  such a complex program without t h e  near  real-time i n t e r a c t i o n  with 
t h e  computer allowed by t h e  t ime-sharing sys t em.  On account of t h e  imminent 
c los ing  out  of t he  4-32, w e  must now devote a f e w  months t o  t r a n s l a t i n g  
t h e  program t o  t h e  next  ava i l ab le  computer system, a PDP-6 r ecen t ly  
i n s t a l l e d  a t  Stanford . 
A t  t h e  present  t i m e ,  BERZELIUS is ope ra t ing  with the  following f e a t u r e s .  
These apply t o  a c y c l i c  molecules only a t  the  present  t i m e  bu t  blocks of 
program f o r  dea l ing  wi th  c y c l i c s  have a l s o  been demonstrated. 
1. Trans l a t ion  of a r b i t r a r y  s t r u c t u r a l  r ep resen ta t ions  t o  canonica l  
DENDRAL e 
2. T rans l a t ion  from connection t a b l e s  and o t h e r  forms t o  DENDRAL. 
3. A gene ra to r  t o  produce a l l  p o s s i b l e  unique s t r u c t u r a l  isomers of 
a given molecular composition, 
4. A f i l t e r  t a b l e  wi th  s p e c i f i e d  subgraphs. Prospec t ive  s t r u c t u r e s  
are e l imina ted  i f  they conta in  such unwanted func t iona l  groups,  f o r  example, 
.CH=CHOH (enols )  o r  .CH..OH OH (gem-diols). The genera tor  i nco rpora t e s  t h i s  
f i l t e r  e f f i c i e n t l y ,  not  merely a r e t r o s p e c t i v e  scan over a l l  t opo log ica l ly  
poss ib l e  s t r u c t u r e s .  
contex t  of t h e  program. 
The f i l t e r  thus  embodies chemical common sense  i n  t h e  
5. A cumulative d i c t iona ry  of  r a d i c a l s  represent ing  t h e  s o l u t i o n  t o  
prev ious ly  solved subproblems. Thus t h e  d i c t iona ry  a l ready  'knows' t h a t  
-C2H5 has only one isomer,  e t h y l ,  whi le  -C3H7 has two, propyl  and i so -  
propyl .  
program l e a r n s  more chemistry.  
This f e a t u r e  saves  an enormous amount of r e p e t i t i v e  e f f o r t  a s  t he  
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6. A zero-order d i s s e c t o r .  This r o u t i n e  c u t s  a given molecule i n  a l l  
p o s s i b l e  ways, one bond a t  a t i m e ,  and r e t u r n s  a list of t h e  mass numbers 
of t he  r a d i c a l s  so obtained.  This  i s  a so c a l l e d  zero-order m a s s  spectrum. 
7. A zero-order mass spectrum analyzer .  This accep t s  a list of mass 
numbers and a molecular composition. It r e t u r n s  a l ist  of s t r u c t u r e s  t h a t  
would genera te  no r a d i c a l s  o t h e r  than those  i n  t h e  spectrum. 
any mass numbers not accounted f o r  by the  s t r u c t u r e  given. 
It a l s o  r e p o r t s  
8 .  A p l a u s i b i l i t y  f e a t u r e  i n  the  gene ra to r  d e p a r t s  from canonica l  
DENDRAL sequence, rearranging these  h e u r i s t i c a l l y .  It is  a l r eady  use fu l  
and is under f u r t h e r  s tudy t o  opt imize t h e  sequence i n  which s t r u c t u r e s  
(hypotheses) are generated f o r  test. 
The program has been repea ted ly  demonstrated and shown t o  outdo human com- 
p e t i t i o n  i n  narrowly def ined  kinds of problems -- e s p e c i a l l y  isomer 
e l a b o r a t i o n  and the d e t e c t i o n  of isomorphic r ep resen ta t ions  of s t r u c t u r e s .  
It is beginning t o  s i m u l a t e  human induc t ive  behavior .  
IV. Computer Managed Instrumentat ion 
a. Cooperative ACME Program 
The N I H  has  awarded a s u b s t a n t i a l  f a c i l i t i e s  g ran t  t o  D r .  Lederberg on behal f  
of t h e  Stanford Medical School f o r  an Advanced Computer f o r  Medical Research, 
acronymmed ACME. The p r i n c i p a l  func t ions  of t h i s  f a c i l i t y  w i l l  be  time-shared 
access  of remote terminals  throughout t h e  school  t o  the  computer, and t h e  
mul t ip lex ing  of labora tory  da t a  from s e v e r a l  remote l o c a t i o n s  i n t o  the  system, 
and f o r  f u r t h e r  computerized management of t h e  experiments.  On t he  premise 
t h a t  t h i s  is  an exce l l en t  s imula t ion  of a computer-managed automated 
b i o l o g i c a l  labora tory  f o r  Mars, t h e  Ins t rumenta t ion  Laboratory is deeply 
involved i n  t h i s  program, and is cooperat ing i n  system support  f o r  i t .  
Other i n v e s t i g a t o r s  remain respons ib le  f o r  t h e  d e t a i l s  of t h e  experiments 
a t  t h e i r  termfnals .  
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During t h i s  pe r iod ,  a conf igura t ion  has  been designed c o n s i s t i n g  of an IBM 360 
Model 50 computer wi th  64K of f a s t  c o r e  and l O O O K  by te s  of 8 ps ' bu lk  core '  
which w i l l  be  t h e  h e a r t  of a core-sharing mul t i t e rmina l  system. 
i s  t i m e  shared  among t h e  programs r e s iden t  i n  co re  and is a v a i l a b l e  t o  automatic  
cyc le - s t ea l ing  f o r  d a t a  t ransmission.)  
we  i nc lude  i n  t h i s  s e c t i o n  of our  s t a t u s  r epor t  a r e p o r t  by Mr. Wiederhold 
d e t a i l i n g  t h e  system. 
(The processor  
I n  view of wide i n t e r e s t  i n  t h e  des ign ,  
The system a l s o  inc ludes  an IBM 1800 d a t a  a c q u i s i t i o n  computer t o  handle  t h e  
l abora to ry  d a t a  l i n e s .  
s p e c i a l  purpose hardware f o r  an augmented d a t a  i n t e r f a c e  t o  t h e  Model 50. 
In  add i t ion ,  s t u d i e s  are under way t o  s p e c i f y  
Del ivery is a n t i c i p a t e d  i n  mid-November, t h e  N I H  funding having f i n a l l y  been 
scheduled t o  take  e f f e c t  beginning October 1, 1966. 
A Summary of t h e  ACME System 
by 
Gio Wiederhold 
(P resen ta t ion  given a t  t h e  ONR Computer and Psychobiology Conference 
May 1 7 ,  1966 a t  t h e  U. S. Navy Postgraduate  School,  Monterey, C a l i f o r n i a )  
The ACME computer system a t  t h e  Stanford Medical School is  designed t o  
provide  powerful computing t o  research  l a b o r a t o r i e s  i n  t h e  Medical School. 
The type  of computation s e r v i c e  planned i s  regu la r  ba t ch  process ing  (mainly 
a t  n i g h t )  and real t i m e  i n t e r a c t i v e  c a p a b i l i t y  f o r  on l i n e  experiments.  
The remainder of t h i s  d e s c r i p t i o n  w i l l  concern i t s e l f  w i th  t h e  proposed 
implementation of t h i s  l a t te r  f a c i l i t y .  
I n  o r d e r  t o  accommodate a l l  t h e  l a b o r a t o r i e s  i n  t h e  Medical School w i th  
t h e i r  widely varying d a t a  rates, t h e  system i s  designed t o  s h a r e  t h e  avail- 
a b l e  computer t i m e .  The amount of t i m e  a l l o t t e d  t o  a u s e r ,  however, is n o t  
one f i x e d  u n i t  pe r  pe r iod ,  i . e . ,  200 m s  every 10 seconds,  but  r a t h e r  t h e  
t i m e  requi red  by him t o  acqu i r e  and process  one d a t a  po in t .  
-21- 
The d a t a  can be obta ined  i n  a number of d i f f e r e n t  ways (see appendix CN-2, 
SK-2). 
Data may be typed on a typewr i t e r  s t a t i o n .  
information is entered  t h i s  way. 
All t e x t u a l  and programming 
Slow t o  medium speed (up t o  1000 samples/second) analog s i g n a l s  can be  
en te red  v i a  a subs id i a ry  computer which can e i t h e r  s can  i n p u t  vo l t ages  
a t  t h e  1000/second rate o r  respond t o  s e p a r a t e  i n t e r r u p t  s i g n a l s  given by 
t h e  experiment or experimenter.  The p r e c i s i o n  of t h e  conversion can be  
up t o  1 4  b i t s  (.02%) p r e c i s e .  This  computer w i l l  conve r t ,  reformat  and 
preprocess  these  d a t a  and then  t r ansmi t  them t o  t h e  main computer. 
D i g i t a l  i npu t  up t o  16  b i t s  wide can be handled i n  a manner s imi la r  t o  t h e  
analog inpu t  with t h e  s u b s i d i a r y  computer, i n  o r d e r  t o  s e r v e  u s e r s  t h a t  
have t h e i r  own d i g i t i z i n g  equipment o r  whose experiments a c t u a l l y  gene ra t e  
d i g i t a l  ou tput .  
Users of t h e  s y s t e m  w i t h  much h ighe r  rate demands, e s p e c i a l l y  those  t h a t  
c u r r e n t l y  have s m a l l  computers i n s t a l l e d ,  w i l l  be a b l e  to connect d i r e c t l y  
t o  t h e  main computer v i a  a high speed (up t o  125,000 samples p e r  second) 
p a r a l l e l  d a t a  l i n k .  I n  t h i s  case they may program t h e  i n t e r a c t i v e  a s p e c t s  
of t h e i r  experiments themselves,  bu t  have t h e  r e s u l t a n t  d a t a  processed on 
a l a r g e r  machine. 
The IBM 360 Model 50 which w e  propose t o  use  as t h e  main computer has  been 
chosen with a conf igu ra t ion  t h a t  w i l l  suppor t  t h i s  type  of m u l t i p l e  u s e r  
a c t i v i t y .  I ts  main (core)  memory s i z e  is one m i l l i o n  by te s  o r  c h a r a c t e r s ,  
or 250,000 words o r  va lues .  The backup s t o r a g e  is an IBM p i e  f i l e ,  which 
s t o r e s  d a t a  on s t r i p s  of magnetic t a p e ,  2000 of them, which are a l l  in -  
d i v i d u a l l y  r e t r i e v a b l e  w i t h i n  0.6 seconds.  It  has  a t o t a l  capac i ty  of 400 
m i l l i o n  by te s .  The subs id i a ry  computer proposed i s  an IBM 1800 process  
c o n t r o l  computer, connected v i a  a s p e c i a l  d i r e c t  channel t o  t h e  main com- 
pu te r .  
-22- 
Resu l t s  may be l i s t e d  on t h e  system p r i n t e r ,  of course ,  bu t  t h e  emphasis 
w i l l  be on typ ing  out  t h e  r e s u l t s  on t h e  typewr i t e r s  i n  t h e  l a b o r a t o r i e s .  
Data may a l s o  be r e tu rned  i n  analog o r  d i g i t a l  form v i a  t h e  1800 a t  rates 
comparable t o  those  of t h e  inpu t  c a p a b i l i t y ;  gene ra l ly  w i t h i n  a few seconds 
a f t e r  t h e  r e s u l t s  have been produced i n s i d e  t h e  Model 50. The d i g i t a l  l i n e s  
may b e  used t o  d r i v e  p l o t t e r s  producing g r a p h i c a l  summaries of t h e  exper i -  
ments. Display equipment of var ious  types  can b e  i n s t a l l e d  i n  t h e  labora- 
t o r i e s  and be d r iven  from t h e  analog o r  d i g i t a l  1800 ou tpu t s .  
The s m a l l  computers can a l s o  b e  used t o  d i s t r i b u t e  output  v ia  t h e i r  type- 
writer, d i s p l a y  tubes  and p l o t t e r s ,  o r  they may use t h e  r e s u l t s  t o  auto- 
m a t i c a l l y  c o n t r o l  t h e  cont inua t ion  of t he  experiments. 
It is  q u i t e  obvious t h a t  a s y s t e m  of t h e  descr ibed  scope is not  supported 
by any computer manufacturer. 
s imple  bu t  complete suppor t  package inc lud ing  an i n t e r a c t i v e  compiler,  a 
supe rv i so ry  system, input-output procedures and d a t a  a c q u i s i t i o n  and d i s -  
t r i b u t i o n  r o u t i n e s .  The system design is  such t h a t  continuous guidance is 
provided t o  t h e  u s e r  v i a  t h e  typewr i t e r  ( s e e  ACME n o t e  RC-1 and appendix 
We are t h e r e f o r e  des igning  and w r i t i n g  a 
RU-1). 
To make such an approach a t  all economically p o s s i b l e ,  w e  are programming 
us ing  an IBM compiler (FORTRAN H)  t o  a l low us t o  wr i te  t h e  system w i t h i n  
t h e  a l l o t t e d  t i m e  span. 
t h e  r e s u l t s  of ou r  sof tware  development work w i t h  o the r s .  
t h a t  our  system w i l l  compile and which w e  hope w i l l  b e  accep tab le  t o  our  
non-computer s p e c i a l i s t  u s e r s  is  a subse t  of PL-1, a FORTRAN l i k e  proce- 
d u r a l  language, def ined  by IBM f o r  use  on 360 systems. 
procedures checked and proven on our i n t e r a c t i v e  compiler can be f i l e d  and 
used on ou r s  and o t h e r  computer l i b r a r i e s  under s t anda rd  systems ( see  
ACME n o t e  on PL-1). 
This should a l s o  make i t  p o s s i b l e  t o  l a te r  s h a r e  
The language 
Thus w e  hope t h a t  
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The input-output system w i l l  inc lude  f i l e  handl ing and r e t r i e v a l  f a c i l i t i e s  
where a l l  d a t a  f i l e d  w i l l  be au tomat ica l ly  l abe led  wi th  a l l  p e r t i n e n t  
information t o  optimize t h e  use fu lness  of t h e  c o l l e c t e d  information.  
e l a b o r a t e  bu f fe r ing  procedures w i l l  be used t o  minimize a u s e r ' s  i n a c t i v e  
t i m e ,  r a t h e r  the  t i m e  t h a t  he cannot use f o r  computation w i l l  be turned  over  
t o  t h e  next  user  i n  t h e  queue. 
No 
Since f o r  some experiments t h e  system r e a c t i o n  t i m e  w i l l  be  q u i t e  c r i t i c a l ,  
w e  w i l l  have t o  l i m i t  t he  number of t h e s e  u s e r s  i n  a given per iod .  An 
at tempt  t o  u t i l i z e  every a v a i l a b l e  computer cyc le  f o r  t h i s  work can only 
r e s u l t  i n  system overloading and f a i l u r e .  However, a number of u s e r s  w i th  
n o n - c r i t i c a l  problems, r o u t i n e  process ing  o r  information r e t r i e v a l  can 
ba lance  t h e  system t o  achieve reasonable  t o t a l  u t i l i z a t i o n ,  and w e  p l an  
a l s o  t o  provide f a c i l i t i e s  f o r  t h i s  type  of use  as soon as t h e  more c r i t i -  
cal uses  are s a t i s f i e d .  
The p r o j e c t  cu r ren t ly  uses  s e v e r a l  d i f f e r e n t  computers around Stanford  t o  
check out  p a r t s  of t h e  system and is prepar ing  t o  do a s imula t ion  s tudy  of 
t h e  queuing algorithm. A s m a l l  t e c h n i c a l  group is bu i ld ing  p ro to type  i n t e r -  
connection equipment f o r  t he  var ious  d a t a  i n t e r f a c e s .  
The cu r ren t  planning work is  sponsored by a Macy foundat ion planning g ran t  
and f u r t h e r  funding has been requested from N I H .  Much c r e d i t  f o r  i d e a s  
and procedures goes t o  o t h e r  computer i n s t a l l a t i o n s  and o t h e r  people ,  
no tab ly  p r o j e c t  MAC a t  M.I .T . ,  MEDLAB a t  t h e  Latter-Day S a i n t s  Hosp i t a l  i n  
S a l t  Lake C i t y ,  The Univers i ty  of C a l i f o r n i a  a t  Berkeley Computation Center 
and ARPA p r o j e c t ,  U. C. San Francisco Medical School,  U.C.L.A. Heal th  
Sc iences ,  etc. ,  and of course  the  Computation Center and t h e  Computer Science 
Department of Stanford i t s e l f .  
Addi t iona l  ACME no te s  r e f e r r e d  t o  i n  t h e  t e x t  can be obta ined  through 
Gio Wiederhold, Assoc ia te  D i rec to r  f o r  t h e  ACME f a c i l i t y .  
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b. Mass Spectrometry 
The Bendfx Time-of-Flight mass spectrometer is now t i e d  d i r e c t l y  t o  t h e  L I N C  
computer. 
t h e  s p e c t r a  produced by t h e  Bendix TOF. 
A program has  been completed f o r  determining peak p o s i t i o n s  i n  
The r a w  d a t a  used i n  t h i s  work were d i g i t i z e d  analog s i g n a l s ,  passed through 
a l o g  a m p l i f i e r ,  each con ta in ing  t h e  s p e c t r a l  in format ion  from one sampling 
p a s s  (about 5 minutes) of a Bendix TOF spectrum. For t h e s e  s i g n a l s  t h e  
p o s i t i o n  of mi,  an i n t e g e r  mass p o s i t i o n  i, i s  g iven  by m = c t  , where 
t i s  t h e  f l i g h t  t i m e  i n  t h e  TOF spectrometer.  A p o r t i o n  of such a spectrum 
( t o  about mass 350) is shown i n  Figure 6. A t ransformat ion  is  app l i ed  so 
t h a t  as n e a r  as p o s s i b l e  m = c ' t  (from h e r e  on t is measured i n  d i g i t a l  
parameters ,  normalized so that  the  t i m e  between each p a i r  of ad jacen t  d a t a  
p o i n t s  equals  1). 
25 such d i g i t a l  d a t a  p o i n t s  for A m / e  = 1. We w i l l  c a l l  t h i s  processed 
informat ion  a l l l inear izedl l  s p e c t r u m ,  x ( t )  . 




C' has  been set so t h a t  as n e a r l y , a s  p o s s i b l e  t h e r e  are 
An example of t h i s  " l i n e a r "  
P l o t t i n g  of t h i s  x ( t )  has  been u s e f u l  i n  a i d i n g  ope ra to r  i d e n t i f i c a t i o n  
of m a s s  peaks. The s i g n a l  has  t h e  fo l lowing  p r o p e r t i e s :  
a. I n t e g e r  m a s s  numbers give s i g n a l s  of vary ing  amplitudes a t  each 
p o s i t i o n  out  t o  about mass 50 t o  100. Maxima amplitudes are about 14 mass 
peaks a p a r t .  
b.  A t  h igher  masses maxima cont inue  t o  appear a t  approximately 
modulo 14 wi th  very  l i t t l e  o r  no s i g n a l  between peak groups u n t i l  t h e  
molecular i o n  is  reached. 
c. The peaks tend  i n  genera l  t o  be smaller and t h e  groups tend t o  have 
fewer peaks as t h e  mass inc reases .  
d. A t  l a r g e r  mass numbers, o f t e n  w e l l  be fo re  t h e  molecular i o n ,  t h e  
r e s o l u t i o n  between peaks o f t e n  i s  very  poor,  caus ing  t h e  peaks of a group 
t o  run  toge the r  t o  make what appears t o  be  one poorly def ined  hump. (This 
is  a cond i t ion  t h a t  should no t  have t o  be contended w i t h ;  a mass spec t rometer  
should have b e t t e r  r e s o l u t i o n .  However, i t  may be  argued t h a t  any mass 




A d i g i t a l  p l o t  of t h e  d i j  
The s t e p s  a t  the  f a r  rig1 
This spectrum w a s  made 01 
ra te  w a s  such t h a t  i t  tal 
t o  m / e  200. 






yit ized spectrum of melamine. 
t a r e  c a l i b r a t i o n  l e v e l s .  
L t h e  Rendix TOF. The scan 








The upper t r a c e  i s  
The lower t r a c e  i s  
W E  =200' 
W € =  202 
FIGURE 7 
a d i g i t a l  plot of x ( t ) .  
The r e s o l u t i o n  of t h e  Bendix is l e s s  than t h a t  needed f o r  many of t h e  samples 
submitted t o  i t  a t  t h i s  labora tory . )  
e. The mass number, as ind ica ted  by the  abso lu te  p o s i t i o n  is a c c u r a t e  
t o  only  two o r  t h r e e  i n t e g e r  mass numbers. 
f .  The l i n e a r i t y  of mass numbers t o  p o s i t i o n  is  a c c u r a t e  t o  about 
10 percent  over a mass range of 10 t o  20 amu. 
g. Due t o  t h e  use of a logr i thmic  a m p l i f i e r ,  t h e r e  is a high ga in  f o r  
s m a l l  s i g n a l  amplitudes and thus  very s m a l l  s i g n a l s  are observed a t  almost 
every  mass p o s i t i o n .  
h .  Again due t o  t h e  logr i thmic  a m p l i f i e r ,  t h e  apparent no i se  is  
very  s m a l l  f o r  l a r g e  peaks and very l a r g e  f o r  small peaks. 
expected f o r  very  s m a l l  peaks,  the  n o i s e  is very much l a r g e r  than  t h e  peak. 
A s  could be  
While t h e s e  observa t ions  are from experiments w i t h  t h e  Bendix TOF s p e c t r a ,  
t hey  are t y p i c a l  of t h e  spectrum output of t h e  A t l a s  CH-4 o r  t h e  low 
r e s o l u t i o n  s p e c t r a  of t h e  MS-9. Hence, i t  is f e l t  t h a t  t h e  s tudy  is  of 
g e n e r a l  a p p l i c a b i l i t y .  
E f f o r t s  were made t o  wri te  computer a lgor i thms t o  i n t e r p r e t  t h e  s p e c t r a  much 
as a human would be  l o c a t i n g  e a s i l y  observed peaks,  measuring to o t h e r s ,  
count ing  where p o s s i b l e  and br idging  gaps i n  t h e  peaks by knowledge of t h e  
observable  peaks and t h e  known spacing expected between peaks. 
l e a d  t o  l i t t l e  success .  The algorithms e i t h e r  showed f a r  less s k i l l  than a 
human o r  as they were made more powerful they became uns t ab le  and genera ted  
f a l s e  informat ion .  One of t he  most t r o u b l i n g  d e t a i l s  is  an a lgor i thm t h a t  
w i l l  recognize a peak and ignore  noise .  
Such e f f o r t s  
Use of c o r r e l a t i o n  techniques w a s  then  t r i e d .  
any s i g n a l .  Two u s e f u l  ones i n  the  case of p e r i o d i c  s i g n a l s  are t h e  c ross -  
c o r r e l a t i o n  and a u t o c o r r e l a t i o n .  The a u t o c o r r e l a t i o n  has t h e  p rope r ty  t h a t  
i t  w i l l  d e t e c t  t h e  per iod  of a pe r iod ic  s i g n a l  i n  t h e  presence of l a r g e  
amounts of random noise .  
t h e  noisy  s i g n a l  wi th  a model s i g n a l  conta in ing  a p e r i o d i c  s i g n a l  of t h e  
known s i g n a l  frequency, and a known re fe rence  phase,  w i l l  r e s u l t  i n  an 
Cor re l a t ions  may b e  made on 
I f  t h e  period is known, t h e  c r o s s c o r r e l a t i o n  of 
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output  t h a t  w i l l  i n d i c a t e  t h e  phase (of t h e  p a r t i c u l a r  frequency) of t h e  
o r i g i n a l  no isy  s i g n a l .  
Our problem w a s  t o  l o c a t e  where the peak was, r e g a r d l e s s  of i ts  amplitude,  
and t o  do t h i s  r e l i a b l y  i n  t h e  presence of no i se .  Hence, c r o s s c o r r e l a t i o n  
w a s  used. 
The o t h e r  func t ion  used i n  t h e  c r o s s c o r r e l a t i o n  was a set of t e n  llmasking" 
peaks; (5 were used o r i g i n a l l y ,  but 10 gave b e t t e r  r e s u l t s ) .  These 
10 peaks w e r e  an empi r i ca l  copy of peaks i n  a t y p i c a l  spectrum, n o i s e  f r e e ,  
and wi th  a per iod  t h a t  equaled ,  as n e a r l y  as p o s s i b l e ,  t h a t  of x ( t ) .  The 
mean of t h i s  masking s i g n a l  w a s  s e t  t o  zero .  
t o  t h e  func t ion  y ( t )  d i scussed  below. 
The masking s i g n a l  is  analogous 
4 The classical  c r o s s c o r r e l a t i o n  func t ion  i s  as fo l lows:  
Th i s  func t ion  has  s e v e r a l  i n t e r e s t i n g  p r o p e r t i e s .  
(T = c o n s t a n t ) ,  i t  may be compared wi th  t h e  Four i e r  func t ion :  
F i r s t  a t  a s i n g l e  va lue ,  
Th i s  func t ion  is w e l l  known t o  rise t o  maximum as t h e  
t h e  period of EXP(-2njyt). Fur ther  i f  on ly  t h e  real 
func t ion  is  taken: 
'F 
d t  n n t  F - ' / x ( t )  cos -
X - T  2T n -T 
per iod  of x ( t )  equa l s  
p a r t  of t h e  Four i e r  
4Wilbur B. Davenport , Jr.,  and W i l l i a m  L. Root , Random S igna l s  and Noise , 
M c G r a w - H i l l  Book Co., p. 70 (1958). 
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i t  may be recognized as t h e  equat ion  f o r  t h e  c o e f f i c i e n t s  of t h e  Four ie r  
series. This funct ion i s  known t o  have maximums as t h e  pe r iods  of x ( t )  
and cos /2T become equa l ,  and i n  phase. Thus i t  could be  expected t h a t  
R ( T )  a l s o  w i l l  have maximums when t h e  per iod  and phase of x ( t  + T) equa l s  
t h a t  of y ( t ) .  
nn t  
XY 
I n  our  case w e  s e l e c t  y ( t )  t o  have as near t h e  same pe r iod  of x ( t )  as 
poss ib l e .  Thus R (T) is  an i n d i c a t i o n  of t h e  phase o r  peak p o s i t i o n  of 
XY 
x ( t )  
To show t h a t  t h e  c r o s s c o r r e l a t i o n  func t ions  have a s igna l - to-noise  
enhancement proper ty ,  cons ider  t h e  fol lowing:  
x ( t ) ,  t h e  s i g n a l ,  may be  considered as no i se  f r e e  s i g n a l  X( t )  and n o i s e  
x * ( t ) .  I f  X( t )  and x* ( t )  are independent,  then  
T 
l i m  - 
T + -  2T + f x*( t  + T) y ( t )  d t  
I f  x*(t) is  random wi th  mean ze ro  (which is  never completely t r u e  i n  real 
cases, bu t  i t  usual ly  has s u f f i c i e n t  elements of randomness such t h a t  t h e  
a n a l y s i s  wi th  t h a t  assumption are of guiding va lue)  t h e  second term goes t o  
zero.  
Of course  i n  actual practice,  w e  cannot l e t  T go t o  i n f i n i t y  since x ( t )  
is  bound by t h e  l i m i t s  of t h e  d a t a  base.  Another c o n s t r a i n t  on T is t h e  
computer t i m e  required t o  eva lua te  t h e  func t ion .  Normally t h e  computer 
t i m e  requi red  would be l i n e a r  w i th  T. However, t h e  methods descr ibed  
by Gentlemen and Sande5 shor t en  computer t i m e  requi red  f o r  very l a r g e  T. 
5W. M .  Gentlemen and G. Sande, "Fast  Four ie r  Transfors  f o r  Fun and P r o f i t , "  
AFIPS Conference Proceedings,  29, FJCC (1966). 
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T has  been s e l e c t e d  such t h a t  -T t o  +T covers 10 peak p o s i t i o n s ,  w i th  
250 sampling po in t s .  There i s  no p re t ense  t h a t  t h i s  is optimum. A t  t h i s  
p o i n t  i t  works and is manageable i n  our  LINC computer. 
The a c t u a l  func t ion  eva lua ted  by our  a lgor i thm is a two s t e p  c r o s s c o r r e l a t i o n  
(although i n  t h e  a c t u a l  l o g i c  they are performed i n  an i n t e r l e a v e d  manner). 
F i r s t  : 
This  func t ion ,  i f  p l o t t e d ,  produces a s p e c t r a - l i k e  p l o t .  Noise is  suppressed. 
The peaks are q u i t e  w e l l  shaped with most of them having unmistakable 
maximmn p o i n t s .  However, the a i ~ p i i t u d e  iiifciimiltioti is "smeared. Each peak 
i n  the o r i g i n a l  spectrum con t r ibu te s  t o  peaks i n  t h i s  func t ion .  Hence, areas 
t h a t  had very l i t t l e  o r  no s i g n a l  now begin  t o  show peaks. This is  t h e  
"bridging" a c t i o n  t h a t  allows peak count ing  t o  b e  attempted by a computer 
a lgor i thm.  The s i g n a l  l e v e l ,  which i s  dependent upon t h e  s t r e n g t h  of t h e  
p e r i o d i c  func t ion  i n  t h e  o r i g i n a l  s p e c t r a  tends  t o  vary  g r e a t l y ,  r i s i n g  t o  
l a r g e  va lues  where t h e r e  w a s  a group of peaks i n  t h e  o r i g i n a l  s p e c t r a .  
II 
There s t i l l  is  enough n o i s e  t o  be  troublesome. However, t h e  p r i n c i p a l  
d e f e c t  seems t h a t  where l a r g e  d a t a  gaps are bridged t h e  phase does e x h i b i t  
d r i f t .  The s o l u t i o n  has been t o  severe ly  c l i p  R1 s o  t h a t  i t  has  a 
reasonably cons tan t  amplitude and form t h e  new func t ion :  
250 
R (T ) k2 R1(i2 + j) y ( j )  where 
j =1 Y(j )  = YO) 2 2  
This  has  demonstrated good phase lock g iv ing  r e l i a b l e  r e s u l t s  up t o  t h e  mass 
range  of 200 t o  300, depending upon t h e  q u a l i t y  of t h e  o r i g i n a l  s p e c t r a .  
This  is q u i t e  comparable w i t h  human i n t e r p r e t a t i o n  of the da ta .  A p l o t  of 
R 2 ( ~ 2 )  is  shown as t h e  lower t r a c e  i n  F igure  7. 
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Figure 6 is a p l o t  produced upon t h e  Calcomp d i g i t a l  p l o t t e r  of t h e  d i g i t i z e d  
analog spectrum. 
about 175 seconds from t h e  beginning t o  m / e  200. 
m d e  = k t  e Peaks 18 and those  of t he  mercury i s o t o p e s  are i n d i c a t e d  f o r  
comparison wi th  those i n  Figure 7 .  
are c a l i b r a t i o n  l e v e l s  of t h e  l o g a r i t h m i t i c  t r ans fo rma t ion ,  t h e  s t e p s  
i n d i c a t i n g  one decade. 
computer opera t ion ,  only v e r i f y i n g  t h a t  t h e  experiment went without  any g ross  
e r r o r .  
The Bendix TOF w a s  set  t o  scan  a t  a rate of "5", t ak ing  
T i m e  is  l i n e a r  on t h i s  p l o t ,  
2 
The s t e p s  a t  t h e  f a r  r i g h t  of t h e  spectrum 
This  p l o t  has  no p a r t i c u l a r  va lue  t o  t h e  descr ibed  
The p l o t  may be omit ted a t  w i l l .  
The upper p o r t i o n  of Figure 7 is  a Calcomp d i g i t a l  p l o t  of t h e  transformed 
spectrum. Now the x a x i s  is  a reasonable  l i nea r  func t ion  of  m / e .  Note 
t h a t  t h e  peaks about 18 have been compressed and those  a t  200 have been 
expanded from t h e  p l o t  of Figure 6. This  i s  t h e  s i g n a l  prev ious ly  termed 
x ( t )  0 
The lower po r t ion  of  Figure 7 i s  a Calcomp p l o t  of t h e  double Cor re l a t ion  
descr ibed .  The amplitude of t h i s  s i g n a l  depends upon t h e  amplitude of t h e  
p e r i o d i c  s i g n a l  i n  x(t3 and upon the  c loseness  of t h e  match of t h e  per iod  
t i m e s  of y ( t )  and x ( r ) ,  A s  long as t h i s  c o r r e l a t i o n  is above a c e r t a i n  
amplitude t h e r e  i s  a high degree of confidence t h a t  i t  is  i n  phase lock 
wi th  x ( t )  and does poin t  t o  peak loca t ions .  The l e v e l  a t  A and C is  
about t he  minimum l e v e l  t h a t  w i l l  g ive  such confidence.  A t  p o i n t s  B y  D ,  E 
and F ,  t h e  phase lock has  completely broken, hence a l l  information from t h e  
c o r r e l a t i o n  t o  the  r i g h t  of any of those  p o i n t s  is meaningless.  
It is suspected t h a t  t h e  loss of phase lock  a t  t h e s e  p o i n t s  is  due t o  
mismatch of t h e  p e r i o d i c i t y  of x ( t )  and y ( t ) .  W e  propose t o  do a frequency 
check a t  these  po in t s  on x ( t )  and use t h a t  t o  improve y ( t > .  Then t h a t  
s e c t i o n  of  t h e  spectrum may be r e fnves t iga t ed .  
technique may b e  used. However, t h e  LINC programming r equ i r ed  f o r  t h i s  
experimental  work is q u i t e  lengthy.  It is  a n t i c i p a t e d  t h a t  t h i s  may be done 
at an e a r l y  d a t e  upon t h e  ACME IBM 360 Model 50 computer at a g r e a t  sav ing  
i n  programer t i m e .  
A Four i e r  o r  a u t o c o r r e l a t i o n  
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Again the  p l o t s  of Figure 7 are opt iona l .  
t o  produce t h e  typeout  of L i s t i n g  A and Figure 8. 
The program may proceed d i r e c t l y  
L i s t i n g  A,  shown i n  Table 5 , i s  t h e  a c t u a l  d i g i t a l  output  of t h e  ana lys i s .  
The l a r g e s t  peak has  been normalized t o  100. 
l a r g e  peaks i n  t h e  spectrum t h a t  are equal  t o  w i t h i n  1 percent . )  
and 202 are j u s t  over  t h e  threshold  of 1 percent .  Peak 199 apparent ly  w a s  
j u s t  under 1 percent  and t h e  threshold  l o g i c  d iscarded  i t .  This th reshold  
is a r b i t r a r y  and may be set a t  any l e v e l .  
(There j u s t  happen t o  be two 
Peaks 200 
Figure  8 is aga in  a Calcomp output .  
of t h e  spectrum. 
This  is  a convent ional  ba r  graph p l o t  
It should be noted t h a t  t h e r e  w a s  no ope ra to r  t r a n s c r i b i n g  of d a t a  po in t s  
i n  t h i s  whole sequence. 
program parameters t o  t h e  L I N C ,  p lus  t h e  manual c o n t r o l s  of indexing the  
Calcomp p l o t t e r  t o  s t a r t i n g  po in t s .  
A l l  con t ro l  exerc ised  w a s  by program cal l  and 
Fur the r  s t u d i e s  are be ing  c a r r i e d  out on the  s ignal- to-noise  enhancement 
achieved by t h i s  method. 
c. I n v e s t i g a t i o n  i n t o  Denaturation C h a r a c t e r i s t i c s  of S p e c i f i c  DNA 
A t  e l eva ted  temperatures  DNA molecules " m e l t "  from ordered b i h e l i c a l  t o  a 
random "denatured" c o i l  form, The mel t ing  i s  caused by d i s r u p t i o n  of 
hydrogen bonds i n  t h e  h e l i x ,  and is accompanied by changes i n  such phys ica l  
p r o p e r t i e s  as i n t r i n s i c  v i s c o s i t y ,  l i g h t  s c a t t e r i n g ,  buoyant d e n s i t y ,  
sed imenta t ion  v e l o c i t y ,  o p t i c a l  ro t a to ry  d i s p e r s i o n ,  and o p t i c a l  absorbance. 
The change i n  absorbance is one of t h e  most s t r i k i n g  and easiest t o  measure. 
It t a k e s  p l ace  over a temperature  range of s e v e r a l  degrees .  
Tm 9 
t h e  G-C conten t  wi th  Tm 
The midpoint ,  
i s  s t r o n g l y  dependent on the  i o n i c  s t r e n g t h  of t h e  s o l u t i o n  and on 
6 r i s i n g  with i o n i c  s t r e n g t h  and wi th  G-C conten t .  
'P. Doty, Harvey Lec tures ,  55, p. 103 (1961). 
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TABLE 5 
MASS PERCENT OF MAX PEAK 
0 0 8 0 0 0 0 0 0 0 0  
10 0 0 1 0 12 0 10 33 100 0 
20 0 0 0 0 0 2 18 6 1 0 0  2 
30 0 0 3 0  0 0 1 1 0  5 7 9 
40 4 1 0  2 1 0  0 0 1 4  
5 0 2 4 3 1 5 9  6 0 0 0 0 0 0 
60 0 0 0 0 0 0 0 0 8 0 
70 0 0 0 0 0 0 .B 0 6 6 8  
80 3 0 0 8 0 0 0 0 0 til 
90 0 0 0 0 0 0 0 0 0 0 
100 0 0 0 0 0 QI 0 B 0 0 
110 0 0 0 0 0 0 0 0 0 0 
120 0 0 0 0 0 0 0 0 0 
130 0 0 0 0 0 0 0 0 0 0 
1461 0 0 0 0 0 0 0 0 0 0 
150 0 0 0 0 0 0 0 0 0 0 
160 0 0 B 0 0 0 0 0 0 0 
170 0 0 0 0 0 0 0 0 0 0 
180 0 0 8 0 0 0 0 0 0 0 
198 0 0 0 0 0 0 0 0 0 0 
2fd0 1 0  1 0  0 0 0 0 0 0 
210 0 8 0 0 0 0 0 0 0 0 
220 0 PI 0 0 0 0 0 0 0 0 
230 0 B 0 0 0 0 0 0 B 0 
248 0 0 0 0 0 0 0 0 0 0 
250 0 0 0 0 0 0 0 0 0 0 
260 0 B 0 0 0 0 0 0 0 0 
270 0 0 B 0 0 0 0 0 0 0 
288 0 0 0 0 0 0 0 0 0 0 
290 0 0 0 0 0 0 0 0 0 0 
300 0 0 0 0 0 0 0 0 0 0 
310 @ 0 0 0 0 0 0 0 0 0 
320 0 0 0 0 0 0 0 0 0 0 
3 3 $ 0  0 0 0 0 0 0 0 0 0 
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It has  been no t i ced  by var ious  authors  t h a t  i n d i v i d u a l  g e n e t i c  markers appear 
t o  m e l t  over a very narrow temperature range as evidenced by t h e  f a c t  t h a t  
almost a l l  of t h e  t ransforming a b i l i t y  of t h e  marker is  o f t e n  l o s t  over  a 
range of a f r a c t i o n  of a degree.  y 8  
of t h e  mel t ing  phenomenon ind ica t ed  t h a t  t he  mel t ing  range for a p a r t i c u l a r  
DNA might be extremely narrowe9 This gave rise t o  t h e  expec ta t ion  t h a t  i t  
might be p o s s i b l e  t o  d e t e c t  melting of i n d i v i d u a l  molecular s p e c i e s  of DNA 
i n  a heterogeneous sample by s u f f i c i e n t l y  accu ra t e  measurement of  t h e  
me l t ing  curve. 
c h a r a c t e r i z e  t h e  DNA more p rec i se ly  and even tua l ly  exped i t e  i s o l a t i o n  of 
i n d i v i d u a l  DNA fragments. 
meaning t h a t  computer c o n t r o l  of the  type  a v a i l a b l e  from t h e  ACME system 
would be d e s i r a b l e .  I n i t i a l  experiments on Bo s u b t i l i s  DNA us ing  manual 
temperature  programming and measuring absorbance changes wi th  t h e  Zeiss 
PM Q I I  Spectrophotometer i nd ica t ed  t h a t  t h e  number of DNA fragments i n  t h e  
p repa ra t ion  w a s  probably too  high f o r  e f f e c t i v e  r e s o l u t i o n  by such techniques,  
I n  o r d e r  t o  ob ta in  f u r t h e r  information an i n t e n s i v e  sea rch  of r e l e v a n t  
l i t e r a t u r e  w a s  undertaken. 
In  a d d i t i o n ,  e a r l y  t h e o r e t i c a l  t reatment  
I f  s o ,  t h e s e  observat ions should make i t  poss ib l e  t o  
The ins t rumenta l  p r e c i s i o n  requi red  would be h igh ,  
L i t e r a t u r e  Survey 
Ear ly  t h e o r e t i c a l  t rea tments  of DNA mel t ing  were based on t h e  assumption 
t h a t  a l l  base  p a i r  bonds are equiva len t .  I n  f a c t ,  t h e  A-T bonds are consid- 
e r a b l y  weaker than G-C bonds, as evidenced by t h e  dependence of mel t ing  
temperature  on G-C content  mentioned above. This  means t h a t  a DNA made up 
of s e c t i o n s  of varying G-C content  might be expected t o  m e l t  i n  sequence, 
wi th  those  s e c t i o n s  having t h e  lowest G-C conten t  mel t ing  f i r s t .  There are 
many d i f f i c u l t i e s  i n  analyzing the  mel t ing  mathematical ly ,  bu t  a r e l a t i v e l y  
complete t rea tment  has  r ecen t ly  been given of t he  case where t h e  molecules 
'J. Marmur and D. Lane, Proc. Natl. Acad. Sc i . ,  4 6 ,  p. 453 (1960). 
8W. Ginoza and B. H.  Z i m m ,  Proc. Natl .  Acad. Sc i .  , 47, p. 633 (1961). 
9B. H. Z i m m ,  J. Chem. Phys., 33, p .  13-49 (1960). 
-36- 
are q u i t e  s h o r t ,  so  t h a t  bonds can be expected t o  break  from t h e  ends i n  
z ippe r  fash ion ,  r a t h e r  than wi th in  t h e  molecule.1° 
concluded t h a t  mel t ing of most i nd iv idua l  molecular spec ie s  would cover  a 
temperature  range of a few degrees o r  s o ,  making i t  extremely d i f f i c u l t  t o  
i s o l a t e  t h e  e f f e c t  of a s i n g l e  spec ies  i n  a heterogeneous sample wi th  a 
t o t a l  mel t ing  range only s l i g h t l y  g r e a t e r .  
q u a n t i t a t i v e  a n a l y s i s  of longer  molecules which might have a l t e r n a t i n g  
h e l i x  and random c o i l  r eg ions ,  and concluded t h a t  i n  t h i s  case t h e  t r a n s i t i o n  
is  s p l i t  i n t o  two p a r t s .  The f i r s t  p a r t  is  similar t o  t h a t  t r e a t e d  above, 
bu t  ends wi th  t h e  s t r a n d s  s t i l l  held toge the r  by reg ions  of h igh  G-C 
conten t .  The second covers  t h e  s p l i t t i n g  a p a r t  of t hese  two s t r a n d s ,  and 
should occur over a very narrow temperature range f o r  an i n d i v i d u a l  molecular 
s p e c i e s .  D i f f e ren t  spec ie s  would have d i f f e r e n t  temperatures  of s t r a n d  
s e p a r a t i o n ,  depending on t h e  G-C content of t h e i r  most hea t  r e s i s t a n t  
s e c t i o n s  and thus  t h e  t o t a l  temperature spread  f o r  s t r a n d  s e p a r a t i o n  of a 
heterogeneous sample would also be r e l a t i v e l y  wide. 
I n  t h i s  case  they  
They a l s o  made a s e m i -  
Later papers  i n  t h i s  series attempted t o  extend t h e  t reatment  t o  h ighe r  
molecular  weight spec ie s  on t h e  assumption t h a t  t h e  molecule w a s  b u i l t  up 
of va r ious  s i z e d  blocks of A-T o r  G-C p a i r s .  
t h a t  f l u c t u a t i o n s  i n  G-C conten t  occurr ing over  long reg ions  were c r i t i c a l  
i n  determining t r a n s i t i o n  behavior.  
The primary conclusion w a s  
11 
A number of experimental  papers  by va r ious  au tho r s  s u b s t a n t i a t e  t he  
t h e o r e t i c a l  conclusions d iscussed  above. 
1. Two Phase T r a n s i t i o n  
It is  almost c e r t a i n  t h a t  t h e r e  are a t  least  two s t e p s  i n  t h e  t r a n s i t i o n .  
This  is  i l l u s t r a t e d  by t h e  absorbance of DNA when cooled a f t e r  be ing  hea ted  
t o  temperatures  s u f f i c i e n t  t o  cause increased  absorbance. There is a 
s u b s t a n t i a l  change i n  the  low temperature absorbance i n  such cases only i f  
'OD. M. Cro thers ,  N .  R. Kallenbach, and B. H. Z i m m ,  J. Mol. Bio l . ,  ll, 
p. 802 (1965). 
'ID. M. Crothers  and N. R. Kallenbach, J. Chem. Phys., 45, p. 917 (1966). 
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t h e  temperature  has been r a i s e d  t o  a p o i n t  cons iderably  h ighe r  than  T . m 
A curve can be drawn showing t h e  inc rease  i n  low temperature  absorbance 
of h e a t  t r e a t e d  samples. The Tm of t h i s  curve,  where aga in  T r e f e r s  
t o  t h e  temperature t o  which t h e  sample must be r a i s e d  t o  cause h a l f  o f  t h e  
t o t a l  increase in  absorbance p o s s i b l e  i n  t h e  p rocess ,  may be  s e v e r a l  degrees  
above the  Tm as  usua l ly  measured.12 A similar s i t u a t i o n  is  no t i ced  i n  t h e  
T 
u sua l ly  measured. 
m 
f o r  loss of gene t i c  markers,  which i s  i n v a r i a b l y  h ighe r  than  t h e  m m T 
A l o g i c a l  explana t ion  f o r  such r e s u l t s  is  t h a t  as p o s t u l a t e d  above t h e  
u s u a l  T corresponds t o  breakage of most of t h e  i n d i v i d u a l  bonds o r  
groups of bonds i n  t h e  DNA cha in ,  whi le  leav ing  t h e  two s t r a n d s  jo ined  a t  
some po in t .  
qu ick ly  i n  t h e  cool ing process  by "zippering up" s t a r t i n g  a t  t h e  po in t  o r  
p o i n t s  of attachment. The second T corresponds t o  s t r a n d  sepa ra t ion .  m 
The s e p a r a t e  s t r ands  would obviously be  much less r e a d i l y  rena tured .  
m 
The n a t i v e  ( o r  near  n a t i v e )  molecule can s t i l l  be  reformed 
Fur ther  cor robora t ion  f o r  t h e  theory can be found i n  t h e  behavior  of 
DNA which has  been cross l inked  by t reatment  w i th  n i t r o u s  a c i d  o r  n i t r o g e n  
mustard. This DNA rega ins  i ts  o r i g i n a l  p r o p e r t i e s ,  i nc lud ing  t ransforming 
a b i l i t y  a t  low temperature ,  even a f t e r  being hea ted  s u f f i c i e n t l y  t o  dena ture  
non-crosslinked DNA completely.  13914 The la t te r  au tho r s  sugges t  t h a t  t h e  
use of t h e  word dena tu ra t ion  be reserved f o r  those  t rea tments  provid ing  a 
random coil form which p e r s i s t s  even when cond i t ions  are changed s o  t h a t  t h e  
h e l i x  form is thermodynamically s t a b l e .  They propose t h a t  mel t ing  be  used 
LO r e f e r  t o  quickly r e v e r s i b l e  changes i n  t h e  h e l i x .  
12J. Marmur and D. Lane, Proc. N a t l .  Acad. S c i . ,  4 6 ,  p. 453 (1960). 
I 3 E .  F. Becker, B. K ,  Zimmerman, and E .  P. Geiduschek, J .  Mol. Biol .  , E, 
p. 377 (1964). 
I 4 K .  W. Kohn, C. L. Spears and P. Doty, J.  Mol. Bioi., 19, P -  266 (1966)- 
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2. Wide Melting Curve f o r  Indiv idua l  Molecules 
Melt ing curves have been made f o r  several phage DNA prepa ra t ions  i n  which 
almost a l l  of t he  molecules contained a l l  t h e  DNA from a given phage p a r t i c l e .  
The mel t ing  curve of homogeneous 
narrower than  t h a t  of heterogeneous sea urchin  DNA measured under t h e  same 
~ 0 n d i t i o n s . l ~  
16  is about  10' wide from t h e  10 percent  melted t o  90 percent  mel ted p o i n t s .  
Even more conclus ive  is a series of e l e c t r o n  micrographs made on t h e  l a t t e r  
samples. The formaldehyde hydrogen bonded t o  t h e  melted po r t ions  
apparent ly  prevent ing  r e n a t u r a t i o n ,  s i n c e  a f t e r  p a r t i a l l y  melted samples 
were cooled absorbance remained the  same as a t  t h e  high temperature.  Thus 
t h e  h igh  temperature condi t ions  were presumably maintained dur ing  t h e  
p repa ra t ion  of t h e  micrograph s a m p l e s .  The micrographs of samples sub jec t ed  
t o  temperatures  between 48O and 53' ( t h e  l a t te r  is about t h e  
t h e s e  condi t ions)  showed t h a t  t h e  long s t r a n d s  of DNA had developed reg ions  
of d i sordered  s t r u c t u r e ,  ranging from s h o r t  segments ("sites") of t h e  o r d e r  
of 60 base  p a i r s  long, t o  much longer  "mult iple  sites." The p o s i t i o n s  of 
t h e s e  segments were not  e x a c t l y  the  same on d i f f e r e n t  molecules,  even when 
hea ted  t o  t h e  same temperature ,  but  they were overwhelmingly concentrated 
on one p a r t  of t h e  molecule. 
w i th  two o t h e r  h ighe r  temperature maxima appearing on t h e  same s i d e  of t h e  
c e n t r a l  zone, The average number of sites increased  wi th  temperature i n  
good agreement wi th  t h e  change i n  absorbance. Obviously, t h e  e n t i r e  molecule 
does not  m e l t  over  a very narrow temperature range. 
T2 DNA f o r  i n s t a n c e  is only s l i g h t l y  
The curve f o r  homogeneous lambda DNA i n  10 percent  formaldehyde 
T under m 
Most of t h e  i n i t i a l  sites were nea r  t h e  middle ,  
3. Sharp Strand Separa t ion  f o r  Indiv idua l  Molecules 
As mentioned above, i nd iv idua l  gene t i c  markers o f t e n  l o s e  t h e i r  t ransforming 
a b i l i t y  over  a r e l a t i v e l y  narrow temperature range. 
t o  be  connected wi th  s h o r t  molecules,  w i th  a f a i r l y  wide range when t h e  
The narrow range appears  
15E. P. Geiduschek, J. Mol. Bio l . ,  4, p. 467 (1962). 
16R.  B. Inman, J. Mol. Biol., l8, p. 464 (1966). 
-39- 
molecules are r e l a t i v e l y  long,  l a  I n  a d d i t i o n ,  t h e  T of t h e  dena tu ra t ion  
of a p a r t i c u l a r  marker is  reduced as t h e  molecular weight is  reduced. 
l o g i c a l  explanat ion f o r  t h i s  behavior  is t h a t  s h o r t  molecules conta in ing  a 
p a r t i c u l a r  gene t i c  marker are a l l  a p t  t o  have t h e  same region of h igh  G-C 
con ten t ,  and thus would s e p a r a t e  t h e i r  s t r a n d s  a t  t he  same temperature.  
Longer molecules would have a high p r o b a b i l i t y  of having reg ions  of h ighe r  
G-C content  than the  marker i t s e l f ,  l ead ing  t o  h igher  
broken from t h e  o r i g i n a l  extremely long u n i t ,  would a l s o  have a g r e a t e r  
v a r i a t i o n  i n  the number and composition of t h e i r  G-C sites, l ead ing  t o  a 
f a i r l y  wide denatura t ion  temperature range. 
m 
A 
Tm 9 and, i f  randomly 
One d i s t u r b i n g  aspec t  of t h e  behavior of s h o r t  DNA molecules should be noted.  
Thei r  re la t ive i n f e c t i v i t y  is q u i t e  low. I n  t h e  case  of t he  f r a c t i o n s  used 
t o  s tudy r e l a t i v e  performance of h ighly  sheared molecules (molecular weight 
about 10 t h e  transforming a b i l i t y  w a s  only about 0.4 percent  t h a t  of 
unsheared molecules. 
6 
4. Conclusfons of Literature Survey 
On the  b a s i s  of t h e  preceding evidence,  i t  appears  impossible  t o  achieve 
t h e  i n i t i a l  ob jec t ives  of t h i s  program. The only p a r t  of t he  dena tu ra t ion  
process  which appears t o  b e  completed over a very narrow temperature range 
is t h e  s t r a n d  sepa ra t ion  of very s h o r t  particles.  The c r e a t i o n  of such 
short p a r t i c l e s  no t  only reduces the  t ransforming a c t i v i t y  markedly bu t  
resul ts  i n  a heterogeneous populat ion of molecules. I f  i t  i s  assumed t h a t  
t h e  o r i g i n a l  DNA p a r t i c l e  has  a molecular weight of t h e  o rde r  of 3 x 10 , 
t hen  shea r ing  t o  a molecular weight of 1 x lo6 would r e s u l t  i n  a popula t ion  
wi th  3000 d i f f e r e n t  spec ie s  even i f  a l l  molecules were sheared a t  exac t ly  
t h e  same poin ts .  This is almost c e r t a i n l y  no t  t h e  c a s e ,  s o  t h e r e  are 
probably many thousands of d i f f e r e n t  molecular spec ie s  i n  a sheared 
prepara t ion .  Even with only 3000 s p e c i e s ,  each wi th  a melt ing range of 








at  least 60 d i f f e r e n t  s p e c i e s  could be  expected t o  be  mel t ing  a t  any 
temperature  nea r  t h e  c e n t e r  of t h e  range,  making i t  extremely d i f f i c u l t  t o  
observe t h e  e f f e c t s  of a s i n g l e  one. 
Alternate Approaches 
Since many molecules are melt ing a t  a t i m e  i t  i s  impossible  t o  s e p a r a t e  a 
s i n g l e  s p e c i e s  from t h e  rest using me l t ing  temperature  as a c r i t e r i o n .  
However, i t  may be  poss ib l e  t o  f r a c t i o n a t e  groups of molecules i n  which 
t h e  concen t r a t ion  of a s i n g l e  spec ie s  is increased  on t h e  o rde r  of 50 f o l d  
i f  t h e  molecules mel t ing  a t  a given temperature  can be i s o l a t e d .  
One way t o  f r a c t i o n a t e  is by cesium c h l o r i d e  dens f ty  g rad ien t  c e n t r i f u g a t i o n ,  
s i n c e  t h e  dens i ty  of t h e  melted s t r a n d s  i s  g r e a t e r  than  t h a t  of n a t i v e  DNA. 
Thus a DNA sample could be cen t r i fuged  a f t e r  exposure t o  h ighe r  and h ighe r  
tempera tures ,  and t h e  heavy l aye r s  s epa ra t ed  t o  g ive  a series of f r a c t i o n s .  
Unfor tuna te ly ,  t h e  procedure is t i m e  consuming, and t h e  amount of t r e a t e d  
DNA which can be  obta ined  i n  a s i n g l e  experiment is  small. 
18 Native and denatured DNA have been sepa ra t ed  on methylated albumin columns 
w i t h  t h e  n a t i v e  DNA appearing earliest i n  a s tepwise  e l u t i o n  wi th  N a C 1 .  
The denatured DNA can then  be rena tured  i f  des i r ed .  A series of such runs 
a f t e r  t rea tment  a t  success ive ly  h igher  temperatures  should g ive  denatured 
DNA f r a c t i o n s  of varying composition. Unfor tuna te ly ,  some of t h e  n a t i v e  
DNA is a l s o  recovered i n  t h e  denatured f r a c t i o n .  
A second chromatographic method u t i l i z e s  hydroxyapat i te  columns, which 
r e t a i n  double s t randed  DNA wh i l e  pe rmi t t i ng  t h e  s i n g l e  s t randed  t o  e l u t e  
i n  0.08 M phosphate." 
e l u t i o n  is proceeding. 
I n  t h i s  case t h e  column i t s e l f  can be  hea ted  whi le  
I f  t h e r e  is s u f f i c i e n t l y  accu ra t e  temperature  c o n t r o l  
18M. Roger, C. D. Beckmann, and R. D. Hotchkiss ,  J. Mol. B io l . ,  l8, p. 156 (1966). 
"Y. Miyazama and C. A. Thomas, J. Mol. Bfol, ll, p. 223 (1965). 
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t h e  denatured DNA can be e l u t e d  i n  o r d e r  t o  i t s  dena tu ra t ion  temperature .  
This  procedure has been used t o  provide s e p a r a t i o n  of denatured f r a c t i o n s  
of d i f f e r i n g  G-C conten t  from low molecular  weight DNA. 
c 
Native DNA has  a l s o  been ehromatographed on magnesium polymethacrylate  
columns, wi th  some f r a c t i o n a t i o n  wi th  r e spec t  t o  G-C conten t .  
f r a c t i o n a t i o n  was not  ex tens ive ,  b u t  i f  i t  could be  inc reased  i t  might be 
poss ib l e  t o  use t h i s  technique t o  s e p a r a t e  s p e c i e s  without  dena tura t ion .  
This  
There are a few cases  where i t  i s  p o s s i b l e  t o  concen t r a t e  a s i n g l e  p o r t i o n  
of t h e  b a c t e r i a l  DNA us ing  phage capable  of l o c a l i z e d  t r ansduc t ion .  
phage con ta ins  a s e c t i o n  of  b a c t e r i a l  DNA which can be increased  i n  its 
r e l a t i v e  concent ra t ion  by a f a c t o r  of 200 o r  soO2O The chromatographic 
approaches can concent ra te  an i n d i v i d u a l  s p e c i e s  somewhat, bu t  cannot 
provide anything c l o s e  t o  t h i s  s p e c i f i c i t y .  The obvious disadvantage of 
t h e  use  of b i o l o g i c a l  concent ra t ion  is t h e  d i f f i c u l t y  of f ind ing  a s u i t a b l y  
coopera t ive  phage f o r  a p a r t i c u l a r  s e c t i o n  of t h e  DNA of a p a r t i c u l a r  
b a c t e r i a .  
Such 
Conclusions and Proposed Program 
Probably t h e  most promising chromatographic s u b s t r a t e  is  hydroxyapat i te  
s i n c e  the  sepa ra t ion  is  d i r e c t  and s imple ,  and t h e  column i s  r e l a t i v e l y  
i n e r t .  This  w i l l  b e  explored i n  t h e  nea r  f u t u r e  w i t h  computer c o n t r o l  
of t he  temperature and readout  of t h e  absorbance of i n d i v i d u a l  f r a c t i o n s  
planned, The o the r  Chromatographic s u b s t r a t e s  w i l l  be  considered i f  t h e  
hydroxyapat i te  proves t o  be d e f i c i e n t  i n  some re spec t .  I n  a d d i t i o n ,  t h e  
p o s s i b i l i t y  of u t i l i z i n g  phage t o  s e p a r a t e  a p a r t i c u l a r  s e c t i o n  of DNA 
more e f f i c i e n t l y  w i l l  be f u r t h e r  considered. 
V. UV Microspectrophotometry 
Our e f f o r t s  on video scanning techniques are cont inuing  wi th  emphasis i n  t h e i r  
a p p l i c a t i o n  t o  the  d a t a  readout  of a Model E (Beckman) u l t r a c e n t r i f u g e .  
Evaluat ion of the  densi tometry system w i l l  be  presented  i n  t h e  next  p rogres s  
r epor t .  
~~ ~~~ 
*OD. S. Hogness and J. R, Simmons, J. Mol. Bio l .  , 2, p. 411 (1964). 
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8 
C PERSONNEL AND ORGANIZATION 
There have been a d d i t i o n s  t o  our  organiza t ion  and t h e i r  curr iculum v i t a e s  
are l i s t e d  below. M r .  L. Hundley, who w a s  p a r t  of ou r  Ins t rumenta t ion  
Research Laboratory,  is no longer  wi th  Stanford.  
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